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SECTION 1.

Ceneral Discussion

The Multipurpose Actuation System Test Rig (MASTR) was designed to evaluate the
performance of flight control actuation systems that are integral with the
control surface under static and dynamic load conditions. Examples of such
systems are mission adaptive wings, hinge line actuation systems and actuation
systems with rotar) outputs. The componants of the .&ASTR are the reaction
structure and the individual load channels consisting of load actuators and
their associated control electronics. Thirty six individual load channel are
provided with the MASTR.

Figure 1 is a photograph o; the reaction structure and the load actuators. The
load actuators axe attached to A test plate used in veriiication tests of the
load channel performance. The reaction structure provides a mounting table for
the test specimen and rigid reaction prints for the 36 hydraulically operated
load channels. The load actuators are divided into 18 upper and 18 lower
units. For each 18 actuators, 12 are provided for distributed loading on the
trailing edge of a test specimen and 6 actuators for the leading edge. The
trailing edge of the test specimen would be located at the left of the specimer
mounting table shown in Figure I and the leading edge located to the right.
The attach points of the loading actuators are moveable in the horizontal plane
in order to adapt to configurations requiring different loading directions and
load points. -

Figure 2 is a photograph of the MASTR's electronic control console. The
console housed the electronics which provide closed loop control of each load
channel. The console also provides automatic data logging, local or remote
input signal selection, load gain control, force limit set points and outputs
for performance measurement.-

The control system of the iMASTR includes failure protection hardware to protect
the test specimen from excessive loads. The protection is both electronic and
hydromechni cal.

System Specifications

The 36 load channels are designed to operate independently. The general
specifications for each channel are the following:

Output force ................. .... +100 lbs to +2000 lbs

Actstator Velocity ........ ...... 20 in/sec

Dynamic Load Tracking .... ...... <+100 lba @ rated velocity

Load Hysteresis ... .......... +50 lbs

Load Threshold. .......... <+2.0i,

Fail Safe Limits. ............ +100 lbs to +200 lbs

-,
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The specifications for the structural framework providing the support for the

test specimen and the reaction points for the loading actuators are the

following:

Outside Dimensions ... ........... ... 156" L x 115" W x 151" H

Maximum Test Specimen .... ....... . 120" L x 92" W x 30" H

Specimen Table ..... ........... ... 46" L x 92" w

Reaction Stiffuess . .......... > I x 106 lbs/in

Structural Elements Resonant Freq ... > 45 Hz

The framework is constructed as a bolted together assembly of welded sections.

The upper and lower cross beam members are bolted in, with corner braces for

torsional stiffness. The structure can be expanded to accommodate larger test

specimens by inserting extensions. The vertical columns incorporate cut-outs

to allow filling the columns with dry sand if increased structural damping is
required.

The specimen table is constructed with removeable clamping plates to clamp wing

boxes to the table. Rotary actuators are mounted to an intermediate support

structure designed for the particular actuator. The intermediate structure is

then bolted directly to the MASTR specimen table.

Hydraulic Load System Supply Description

The hydraulic load actuators with their manifolds and load transducers are

designed as removeable units. Figure 3 illustrates the load actuator location

nuinbcring system used with the load system. The load actuators are powered by

, the 240 gpm, 3000 psi hydraulic system used in the laboratory area in which the

MASTR is installed.

The hydraulic plumbing system for the MASTR is divided into two separate

systems with shut-off valves in the pressure and return lines. One section

supplies the upper load actuators and the other supplies the lower load

actuators. Hydraulic distribution manifolds are provided as shown in Figure 4 :

for the upper trailing edge, upper leading edge, lower trailing edge and lower

leading edge actuators. The flow demand of the actuators when operating at 10

Hz and 10% of full scale amplitude was used to size the hydraulic connection

lines. A line flow velocity limit of 15 feet/second was used to determine the

interconnecting tubing diameters. The hydraulic line sizing resulted in the

following different hydraulic line sizes for copnection to these MASTR

components;

Trailing Edge Manifolds .... 2 inch diameter

Leading Edge Manifolds ..... .. 1.25 inch diameter

Control Actuators .......... ... 0.50 inch diameter

Four 2.5 gallon bladder type accumulators were used with the plumbing and were

mounted on the structure, Two accumulators were used for each hydraulic

4
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section, one tor the pressure line and one for the return line. Figure 4 is a
schematic of the hydraulic distribution system.

Servovalve Selectior

Two types of servovalves were considered for the MASTR load control. These were
the pressure control and flow control type valves. Pressure control valves
incorporate pressure feedback internally in order to produce an output pressure
proportional to input current. Typical blocked port frequency response for the
load pressure is nominally 20 Hz for pressure control valves. The response
degrades dramatically with increasing output flow demand.

Flow control valves are designed to provide an output flow proportional to
input current. The output pressure gain is typically "supply pressure/1% input
current' or higher. For a control valve supplied with 3000 psi and requiring
0.020 amperes for full flow, the pressure gain is nominally 15,000 psi/ma. This
high pressure gain makes control of low output force levels difficult. The
input control signal level required for changes of 50 to 100 psi output
pressure are within the usual noise levels of the control system. By
"breaking" the pressure gain of the flow control control valve with either a
bypass orifice or underlap on the control valve edges (or both), a flow control
valve can be used for load control. The pressure response of the flow control
valve with flow demand will generally be better when a flow control valv- is
used than when e pressure control valve is used.

Moag Model A-067 servovalves rated at 10 gpm flow with 1000 psi pressure drop
across the valve and manufactured with 3% underlap on the control edges were
used for the HASTR. The 3% underlap condition wae recemmern.id by thc valve
m.nufacturcr. The 10 gpw !low specification was determined by the requirement
to exceed the flow requirement for the load actuator (with a drive area of 0.98
square inches) operating at a rate of 20 inches/second. The 20 inch/second
rate for the load actuator requires an input flow of 5.09 gpm. The 10 gpm valve
was the nearest standard valve which would exceed the maximum rate requirement.

Each servovalve was used with a variable orifice connecting the cylinder ports.
The orifices were used to trim the valves to a pressure gain of 500
psi/milliamp. The valves and orifices were installed as a matched set. The
average leakage flow for the servovalves was measured at I gpm.

Hydraulic Kanifold Description

Figure 5 is a schematic of the hydraulic manifold used for each of the load
actuators. The manifold is the interfaces of the servovalve to the load
actuator cylinder. Mounted on each manifold as plug-in units are the variable
orifice connecting the servovalve cylindpr ports together, two p.essure relief
valves and a solenoid operated bypass valve. The variable orifice is used to
establish the pressure gain of the servovalve. The pressure relief valves are

Sconnected between the servovalve cylinder port lines and return. These relief
valves are used for hydromechanical load limiting for each load actuator. The
solenoid operated bypass valve is used for electronic load limiting. Output
load forces greater than preset limits are electronically detected and used to

* bypass the load actuator.

7
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The internal porting of the manifold was sized to have less than 100 psi
pressure drop at a flow rate of 10 gpm. The following is a list of the
components used as pert of the manifold:

Servovalves:

Manufacturer ......... ... Moog
Model . ............. . A-076-IOS
Flow . ......... 10 gpm @ 1000 psi differential pressure
Lap Condition .... 3% underlap
Coil resistance .4. 100 ohms
Rated Current ... . . .0.008 amperes
Operating Pressure ... 3000 psi

Bypass Solenoids:

Manufacturer . . . . . . . Fluid Power Systems
Model .. ........ 107-115 (normally closed)
Operating Pressure .... :jo0 psi
Flow ..... ........... 10 gpm @ 50 psi differential pressure
Operating Voltage .1. 110 VAC @ 60 Hz
Holding Current . ... 0.4 amp2res

AIjustable Orifice:

Manufacturer ......... ... Sun Hydraulics
Model . ........... . NPCBLDN
Operating Pressure . 3000 psi
Orifice Area Range . 0.00 to 0.093 inch effective diameter

Relief Valves:

Manufacturer ......... ... Racine Hydraulics
Model ... .......... . 1351-3
Flow .................. 5 gpm @ 50 psi differential pressure
Operating Pressure . ... 3000 psi maximum

Control Actuator Description

The control actuators used for the load syctem are double acting commercial
cylinders with modified rod seals. A design output force of 2000 lbs while
moving at a maximum rate of 20 inches/second was used for cylinder size
selection. The cylinder selected has a 1.50 inch aiameter bore and a 1 inch
diamet, r rod giving a drive area of 0.98 square inches. The design output
force is met with nominally 1000 psi drop across the control valve at the 20
inch/second actuator rate.

Standard commercial cylinders manufactured by Sheffer were selected as load
actuatort because of their basic low friction design. The actuators use a
filled Teflon wear strip as a piston bearing and glass filled Teflon piston
seals. The actuator rod seals used by Sheffer weie a pressure energized "W"
type sea!. An illustrated in Figure 6, the V' seals were replaced with lower
friction slipper seals in order to minimize the load actuator's internal
friction. The threshold of a load control actuator is a direct function of the

P-

, "i. .. . .• , -I -i ... .. ", i , ! i ! l 1 I 1"G9



AFTER 
BEFORE

SROD BEARING .1

SEAL ACTUATOR ,
SEAL BODY

FRONT
GAP

INSERT •MULTI V-PACKING

, ,• SCRAPER •

OM ITT EFDA T AT OD_

eI

Figure 6. Actuator Rod Seal Modification

10

e A. 
-

If---""-



actuator's internal friction. The rod seal change reduced the internal
friction force of the load actuator from a nominal 100 lbs to 40 lbs.

Two load actuator stroke ranges are used iv the MASTR. Both 10 inch stroke and
i7 inch stroke actuators are used. The two range of stroke actuators
accommodate the expected output motion of test specimens.

Instrumentation Transducers

The output of each load control actuator is connected through a load cell to
the reaction structure in order to provide a load measurement signal. The
load cell output signal is used for load channel feedback, load measurement and
for failure detection. The load cells used are a strain guage design
manufactured by Lebow as part number 3132-5Y. Th.c rated maximum force for the
loaJ cell is 5,000 lbs in tension and compression.

Four position transducers are used for trailing edge position measurement.
Three position transducers are used for leading edge position measurement. The
trailing edge position transducers have a 24 inch stroke and a 6,500 ohm
resistance element. The leading edge position transducers have a 12 inch stroke
and a 3,200 ohm resistance element. Both position transducers have a rated
linearity of 0.5% fuil scale. The transducers are produced by Waters
Manufactur-*.ng Company as part numbers LF-S-12/300-E-B and LF-S-24/600-E-B for
the 12 and 24 inch stroke, respectively.

Control Console Description

The control console shown in Fij,,re ) onrtin- -11 af thc control citiuil
used with the IHASTR. In the lower right hand section, the console contains the
power supplies and optically isolated relays fer the bypass solenoids. The
input-output wiring interface is installed in the left rear section. The
swirchies which appear on the lower right panel in Figure 2 are used to apply
110 volt AC to the power supplies. The left and right switches provide power
for the upper and lower load actuator bypass solenoids, respectively.

The upper three sections of the console contain the load channel control
electronics. The right and left hand sections are dedicated to the upper ano
lower load actuator control. The top four chassis contain five self-contained
load controllers each. Two modules in the fourth chassis from the top are used
for spare wodule storage. The bottom chassis of the left and right sections
are used for monitoring, status indication and the over-load alarm electronics.

The center of the console is shared by both the left and right load actuator
control sections. This section contains the signal condioners for surface
position, an input pane! and a data logger that can monitor up to 40 channels
of data.

Figure 7 is a rear view of the control console showing the location or the
control electronics for load actuators as identified previously in Figure 3.
Figure 8 is a photograph of the control console rear, showing the construction.

The control console provides 36 channelb of load loop control, signal
conditioning, signal monitoring, input/output signal management, power supplies
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and isolated solevoid drivers. The location of the plu&/jack or modules are

identified by the -ollowiu6 nwibering system:

XX X - XX - 1X - XX

1 2 3 1. 5

Where: I - Chassis section location

2 - RacK location within the section, numbered

from top to bottom

3 - Plug or jack in rack, P & J for standard plugs and jacks

RJ & RP identifies flat cable connections

4 - Plug or jack number in a particular rack, numbered from

right to left when viewed from the rear

5 - Pin number to the connector

For example, A-2-J-I-4 identifies Section A (lower load control), second rack

from the top, first jack from the right (load control channel 5), Pin 4.

Load Control Module Description

Figure 9 is a ptotograph of the load control module's front panel. Figure 10

shows Ohe internal construction of the module with its printed circuit board.
The specifications for the module are as follows:

Input Voltage . .-... +10 VDC

Input Impedance ..... ......... >1 meg-ohm

Gain Range ..... .......... .. 0.0 to +200 lb/volt

Load Limit Range ........ 0.00 to +2000 lb

Output Current ....... ......... +0.02 amperes

The functions of the controls shown on the front panel of the load controller
are as follows:

Panel Schematic Descriptive Function
Label Label

IN TPI This test point allows the monitoring of the
external input and/or the surface position
input at the output of the gain potentiometer
R14.

N'
GAIN R14 This ten turn potentiometer provided to adjust

the external input and/or position input to the
desired level from zero to 100% (100% - 200

lbs/volt). The potentiometer setting is also

displayed in monitor section of the control by
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Panel Scb-uatic Descriptive Functiov
Label I .1el

addressing the desired channel. 100% - 200
lbs/volt.

BIAS R15 This ten turn potentiometer is provided to
adjust the force bias to be applied to the
channel. The range is +10 volts. A pot setting
of 0.50 equal to zero volts.

CS TP3 This test point monitors the sum of external
input, position input, bias and rate feedback
which is the command sum, Cs. The scaling at
this point is 200 lbs/volt.

Is TP8 This test point provides a monitor for the
current through the servovalve, IS, with a
scaling of 100 ma/volt.

EXT. Sl This switch connects the applied external input
INPUT signal to the load controller in the up

position and zero volts in the down position.

FORCE S2 The load controller %ill provide a f rce
POS. proportional to the surface position when the

switch is in the up position and zero volts
input in the down position.

RATE R9 The rate gain potentiometer provides a gain
GAIN adjustment for rate feedback up to 20

volts/sec.

RATE TP7 This test point provides a monitor for the rate
feedback.

LOAD R7 This Lwenty turn pant! mounted potentiometer
CELL is used for caiibration, providing a +20%

adjustment of the nominal load cell gain of 200
lbs/volts.

LOAD S4 This detented switch must be pulled out to
CELL operate. The switch provides a calibration
GAIN voltage for the load cell.

LOAD R8 This twenty turn potentiometer is provided to
CELL adjust the signal conditioner null voltage
GAIN (with a range of + 1.00 volt.)

LOAD TP4 Inis test point is provided to monitor the load
CELL output of the signal conditioner. The scale

is 200 lbs/volt.

7'



Panel Schematic Descriptive Function
Label Label

+TP TP6 This test point is provided to monitor the
(extend) force limit set by the "+LIM" poten-
tiometer. The scale factor is 200 lbs/volt.

FAIL LI This LED illuminates when either the + or -
limits are exceeded.

-T? TP5 This test point is provided to monitor the -
(retract) force limit set by the "-LIM" poten-
tiometer. Scale factor is 200 lbs/volt.

+LIM R3 This twenty turn potentiometer is provided to
adjust the + foxce limit from 0 to 10 volts
with a scale factor of 200 lbs/volt.

RESET S3 This momentary switch is provided to reset
failures.

-LIM R11 This twenty turn potentiometer is provided to
adjust the - force limit from 0 to 10 volts
with a scale factor of 200 lbs/volt.

Figure 11 is a schematic of the load controller circuitry. The external input
is buffered by Al-A and then selectively chosen by the oper,.tor using switch
S1. The position input for an operational mode where the foyce is proportional
to curface poiLio ib seiected througli S2 and summed with the external input
at A2-A (with a gain of 1.0). The summed input signal passes through the DPST
electronic relay to the "GAIN" pot R14. The function of the electronic switch
is to allow the operator 'o visually monitor the gain setting with the digital
volt meter (DVM) on the monitor panel. The solid state relay is pulsed by a
signal whose on state is 20 x 10-6 seconds, and off time is 2 x 10-3 seconds.
While the relay is on, 10 VDC is applied to R14, and simultaneously the Ri4
output is captured with a sample and hold in the monitor then displayed on the
DVM,

Once the gain pot is set', the external and/or position signal is summed with a
rate input (from R9) and a force bias input (from R15) at A2-B at a gain of
1.0. This command sum, CS, is connected to A2-A through the second half of the
solid state relay AS-1. The function of AS-l is to provide a zero command to
the load servovalve when the preset force limits are exceeded. The command sum
signal is summed out of phase with the force feedback signal to create the
appropriate forward loop error which drives the current feedback amplifier.
The current amplifier has a gain of 2 ma/volt with bias provLsions to adjust
any null errors within the servovalves.

The load cell signal conditioner is an instrumentation amplifier with an
adjustable biab and gain. S4 and R42 allow the instrumentation amplifier to be
locally calibrated by actuating S4 and trimming the gain to match calibration
values. This feature elimivates the requirement to remove each entire load
actuator assembly in order to calibrate the load cells. The calibration values
incluae the mass of the actuator assemblies.
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The load force signal is connected to Al-A for monitoring and to the force
overload limit circuitry. The force limit circuit uses a quad comparator that
first determines if the signal is within the adjustable limits set by RIO and
R11. Each of these potentiometer outputs are monitored locally through panel
test points and displayed on the DVM in the monitor panel. The scale factor is
set at 200 lbs/volt. Once the limits ara exceeded, the remaining comparators
act as a latch to drive Ql, which illuminates the LED (LI). The output of Ql
is connected to the monitor panel Lo define the failure location and sound an
audible alarm. The failure comparator is reset by switch S3. Each load
control circuit board has bypass capacitors connected to the power input lines
to reduce the effects of line noise and transients.

Surface Position Signal Conditioner

The surface position signal conditioners are contained in f-.r dual channel
modules located in the top chasGib of the center console. A of the modules
are interchangeable. Figure 12 is a front view of one surface position signal
conditioner. Note that the controls and test points for two channels are
mounted on the module's front panel. Figure 13 is a rear view of the module.
This view shows the printed circuit board used in the construction of the unit.
The specification for the module are as follows:

Input Impedance ... ......... ... > 1.0 meg--ohm

Gain ........ .............. .. 0.00 to 0.60 volts/volt

Position Bias Range ........ . ... 10.0 volts

Output with MASTR transducers:
(+10 volt Position Transducer

Excitation)

12 Inch Stroke ..... ...... 1.66 volts/inch

24 Inch Stroke ......... ... 0.83 volts/inch

Rate Signal Output ... ...... .. 0.160 volts/vwlt/second
(using position output)

Rate Signal Break Frequencies . . 62.8 radians/sec
(First Order Lag) and 628 radians/sec

The function of the front panel controls for the position/rate module are as
follows:

Panel Label Schenatic Label Descriptive Function

POSITION R7 The twenty turn panel potentiometer
GAIN adjusts the position gain from zero

volts per inch to 40.6 volts/volt.

NULL R8 This twenty turn p-tentiAoteter adjusts
OFFSET the conditioner bias by ±10.0 volts.
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Panel Label Schematic Label Descriptive Function

OUTPUT S1 This three position switch directs the
DIRECTOR position output; UP - upper channels,

CTR - upper and lower channels, DOWN
lower channels.

POSITIh TP2 This is the monitor point for the
MONITOR conditioned position signal.

RATE TPI This is the monitor point for the
MONITOR conditioned rate signal.

Figure 14 is a schematic of one section (of two identical sections) used in the
position/rate module. The +10 VDC output of the linear position potentiometer
is buffered by Al-A. RI in series with R7 is used to scale the input signal
range to +6 volts. The output of the gain potentiometer R7 is summed with the
output of bias potentiometer R8. This sigral is then routed to the proper
output by switch Sl.

The rate aignal is generated by differentiating the position signal with
operational amplifier A2-.A. The gain of the differentiator is 0.16
volts/volt/second. The circuit has a first order lag break frequency at 10 Hz
and 100 Hz. Amplifier A2-B is used as a high input impedance buffer between
the differentiator and the rate output of the module.

Channel Failure and Signal Monitor

The Channel Failure and Signal Monitor panels located on the lower left and
iight ol the control console top section provides a statuF indication for each
load channel and axi audible alarm upon failure of any channel. The panel also
Lncorporates an adiressable signal monitor made up of an address thumb wheel
sbjtch and a %oltmeter.

The status of th2 18 actuators monitored by each Channel Failure and Signal
Monitor panel is displayed on the left side of the panel by 18 LEDs arranged in
the same general configuration as the load actuators. The LEDs illuminate when
the force limits are exceeded. The audible alarm and bypass solenoids are
triggered simultaneously with the LEDs. A switch to disable the audible alarm
is mounted to the right of the LEDs.

The center and the right portion of the panel contains a 2 digit plus sign
thumb wheel switch. To the right of the thumb wheel switch is mounted a
digital voltmeter (DVM) and two sets of test jacks. The thumb wheel switch is
used to address the signal to be displayed on the DVM. The channels are
numbered I through 18. The channel number is added to a suffix in order to
display a particular signal within a channel. (Channel I has an address of 01,
Channel 2 an addieus of 02, etc.) The addresses used for the different signals
within a channel are the following:
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U'N
Basic Address Signal Addressed

+00 + Channel # Positive force limit voltage

-00 + Channel # Negative force limit voltage

+20 + Channel I Servo current (100 ma/volt)

+40 + Channel I Command voltage C

+60 + Channel I The input gain potentiometer as a
percentage of full scale (107 -

1.0 volt)

In addition, the thumb wheel switchi is used to address the outputs of the
position transducers and external inputs with the following addresses:

Basic Address Signal Addressed

+81 to +84 The conditioned output of the four position
transducers connected to the trailing edge
of a test specimen

+85 to +87 The conditioned output of the three 1

position transducers connected to the
leading Pdap ^f theb t-ant apc4e

Addressing is accomplished by selecting the desired prefix and adding the
desired suffix. For example, if you want to view the servo current of channel
12, add 12 to +20 for a sum of +32. When the thumb wheel switch is set to +32,
the current will be displayed on the DVM with a scale factor of 100 ma/volt.

Tte signals can also be displayed on a dynamic analyzer, such as an
oBiilloscope, by using the output jacks labeled "Monitor". There are no
elements within the monitor circuitry that will effect the dynamics of the
signal being monitored.

With an address of +00, the DVM will display any signal that is connected to
"External Input" jacks. The DVIM has a range switch on the front panel that
will allow using either +2.000 volt or +20.00 volt full scale ranges.

Electronically the failure monitor is made up of 5 NAND gates (4 inputs each)
that receive a status signal. from each control module. The NAND outputs are
summed by 4 NOR gates (2 inputs each) which drive another four input NAN2D gates
whose output turns on the audible alarm and drive the optically isolated relay
controlling the solenoid which bypasses the particular load channel.

The electronics of the monitox use the thumb wheel switch to address one line
of the 15 Precision Monolithics MUX-08 eight input multiplex switches. The two
position sign switch output is high or low (for the + or - selected). The
"tens" switch is ten positiou with a decimal output and the "units" switch has
ten positions with a binary coded decimal (BCD) output. The sample and hold
circuitry and "pot set" pulses are also developed in this section of the
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electronics. The use of the pulses were described previously in the load
control module description.

Solenoid Driving Relay Description

The bypass solenoids are actuated with 110 VAC and require 0.3 amperes holding
current. Optically isolated solid state relays (OPTO-22, P/N CAC-15) are
energized by the failure or overload signal generated at the load control
module. Both the lower and upper load actuator systems have 18 of the solid
state relays mounted on a chassis. The relay chassis is located in the lower
rear section of the desk console as shown previously in Figure 8. The
optically isolated solid state relays offer a considerable reduction in the
control signal transients resulting from energizing ani de-energizing inductive
relay coils.

Data Logger Description

A model 2200B Data Logger manufactured by the John Fluke Mfg. Co. was installed

in the center electronic console. The data logger is programmable to sequen-
tially select any of its 40 inputs at a rate of 3 to 15 channels per second.

The data is printed in a 16 column format at 2.5 lines per second.

The Data Logger is connected to monitor and record the input (command sum) and
output (force) of the upper or lower loading system. The third operating mode ,
available is the recording the output force from both the upper and lower
systems. The transfer between monitoring modes is accomplished through three
separate input connectors at the rear of the data logger. Connector owitching
iA ,tq4iired becaus-e each record mode requires 36 of the 40 recording channels.

Input Signal Panel S

The input signal panel, located at the lowest location of the center console
(reference Figure 2) provides an input point for operaeion of the HASTR from a
local source. The panel is divided into two sections, with the right hand
section dedicated to the upper load chaLnels and the left bection dedicated to
the lower load channels. The inputs for each channel can be individually
accessed or accessed from a common input point. The input jacks are arranged
in the same order as the load actuators are mounted on the MASTR.

There a-e three rows of four inputs and two rows of three inputs. Each row has
a switch that will connect its inputs with the common input or allow isolated
operation. These inputs are connected electrically in parallel with the
external input jacks located at the right rear of the lower console.

Power Supplies Description

The system power supplies are centrally located in the lower right section of
the desk console below the relay chassis. The power supplies (the PX series)
are manufactured by the Power/Mate Corporation and have better than 0.1Z
regulation (no load to full loau') and less than 15 millivolt output ripple.

The power supplies provide +15 volts DC at 3.2 amps, +10 volts DC at 2.5 amps
and 5 volts DC at 5.8 amps. Each power supply has a front panel meter, output
level adjustment and monitor jacks in order to provide easy access and
adjustmeizt during initial setup.
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Interface Wiriag Description

The complexity of connecting the 36 control channels required the development
of an overall scheme for routing the wires interconnecting the test rig and
electronic control console. The reaction structure and loading actuators are
located approximately 75 feet from the electronic console.

The general wiring scheme used was to connect the electronic signal lines from
the control console to the test rig through a junction box physically located
close to the test rig. The electronic power lines (110 VAC solenoid actuation
power) are routed separately in an effort to reduce the possibility of
transients being induced into the signal conductors. The wires are routed
through existing laboratory wire ways previously dedicated to signal and power
lines. The junction boxes contribute flexibility and a convenient maintenance
access to the system electronics.

The wires used for the interface connections are shielded, twisted pairs for
each control function with each pair being contained .ithin a multipaired
cable. The conductor sizes used are 22 gauge for the signal lines and 18 gauge
for the power lines. The test rig wire labeling within the junction boxes is
keyed to the control actuator positioa and upper or lower system.

Load Control Loop Description

The HASTR's 36 individual force control channels are identical except for the
stroke of the control actuators. The trailing edge actuators have a 24 inch
stroke range and the leading edge actuators have a 12 inch stroke range. Figure
15 is a block diagram of a tingle force control channel.

Referring to Figure 15, the static load control relationship can be derived
using the closed loop feedback relationship "Output/Input - G/( + Cli)" where G
on Figure 15 is the product (K 2 K K_) which is equal to 9996 lbs/volt. The H
term is the product (K 3 K4 ) which is equal to 0.0049 volts/lb. With these values
for G and H, the force gain of the control loop is 200 lbs/volt.

MASTR Component Design Verification

A design with the amount of components of the MASTR required a step-by-step
design verification. The KASTR is made up of 36 channelrs which are essentially
identical. The design has sufficient trim or fine tuning capability that all
hardware could be adjusted after assembly. The electrohydraulic component
testing and adjustment was carried out for each individual channel.

To achieve low friction from the load actuators, the end cap of each load
actuator was removed in ordet Lo place the original rod seals with the low

* friction seal cartridge. The reassembled, modified actuators were bench checked
* by lubricating the shaft with MIL-D-5606 hydraulic fluid and performing a

breakout and running friction test. The maximum test limits were 15 pounds for

breakout and 10 pounds tor the running friction.

During testing, several actuators required 100 pounds for the breakout fric-
tions and not more than !0 of the assemblies would meet the requirements. The
problem was solved in 90% of the cases by using an assembly procedure to
centralize the new seal cartridge. The technique used was to install the
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cartridge and "finger" tighten the actuator tie rods. The actuator was then
cycled full stroke several times and the tie rod tightened equally in a cross
corner sequence. The actuator was cycled after every 12 in/lbs of torque
increase until the full value of .96 in/lbs was obtained.

The remaining 101 of the actuators required the seal cartridges to be hand
fitted, and the actuator rod to be rotated to meet the requirement. The basic
problem was found with the cor -rcial actuator assembly tolerances. The double
ended actuators have one of th- rods threaded into the piston without a close
tolerance pilot to preserve axial alignment.

The servovalves were mounted on a mauifold to record the "as received" pressure
and flow gain data. Figure 16 is a typical pressure gain plot indicating
2,8DO psi/ma gain with some null deadband, also caused by the valve undercut.
The addition of a bypass orifice tends to soften these effects. Figure 17 is
a typical flow gain plot indicating a 1.0 gpm/ma flow gain with 1.1 gpm of null
leakage flow. The high leakage value is due to the 3.0% underlap of the
servovalve edges.

The reaction structure shown on Figure 13 was designed and fabricated for the
initial setup and testing of each load actuator assembly. The structure was
designed to be loaded to 2,000 lbs. The 2,000 lb load resulted in a 1.2 inch
deflection of the actuator. The structure was designed as a spring load which
allowed the P ctuator under test to move when a force output was commanded in
order to verify the control system's dynamic load response. Loading systems
that have no output motion requirement generally have a load response nearly
equal to the flowt ronp e f the.. contl r... once a system requires tlow,
Che dynamic response degrades.

To evaluate each load actuator assembly, the actuator, load cell and manifold
were mounted in the reaction structure. The pressure gain of the servovalves
waa first set using the adjustable bypass orifice to achieve a pressure gain cf
200 psi/ma. Once the pressure gain was established, the servovalve and orifice
were treated as a matched set. All of the pressure telief valves were adjusted
to 2,000 psi for the initial setup. This setting was achieved using a special I

test manifold.

Each actuator's control manifold was assembled with its servovalve, bypass
orifice, bypass solenoid and pressure relief valves for the preliminary
testing. This consisted of measuring the control channel's static ard dynamic
threshold and the dynamic response in the reaction structure.

Figure 19 is a typical dynamic response with a 0.0 Db input of +1.00 volt
corresponding to a+200 lb command. Tie bode plot shows a -6 Db and -900 phase
at 10 lli with no peaking. Figure 20 shows typical static and dynamic threshold
time history plots. The static threshold corresponds to +20 lbs and is
obtained using a 0.1 Hz ramp input with gradually increasing amplitude. The
amplitude at which an the output responds to the input is the threshold value.
The dynamic threshold is measured using a sinusoidal input &t a frequency of
1/2 the bandpass of the control system. The amplitude at which the 5.0 Hz input
causes the output to follow the input corresponds to a peak amplitude of 21
lbs.

The range of threshold data recorded for all the actuators was 8 low of 10 lbs
and a high of 36 lbs. Additional tests with load bias inputs were recorded
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LOAD ACTUATOR

REACTION FORCE
TEST FIXTURE

1-iýuru 18. Reaction StruCture
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without significant changes to the threshold data. All of the teating was

recorded using a hydraulic supply pressure of 2,000 psi.

WAsTr Fiual Asembly & Check-Out

A reaction plate was fabricated to provide a flexible test structure. The plate
was mounted in the MASTP. as shown in Figure 21 and the load actuators attached
to the plate. The reaction plate was fabricated from 7075-T6 aluminum plate 3/4
inch thick and 42 inches wide. This provided a maximum load capability on the
trailing edge of +4500 lbs (with & corresponding deflection of 6.8 inches)
without yielding the plate. The analysis was based upon using 2/3 of the
72,000 psi allowable stress. The maximum load distributed over the 12
actuators is 700 pounds per actuator or load point. The section of the
reaction plate for the leading edge provided a maximum total load of 10,000 lbs
with a deflection of 0.84 inches and a 1, 160 pounds allcwable for each of the
six load points.

All actuators were attached to the reaction plate for final performance evalua-
tions. Figures 22 and 23 are typical linearity/hysteresis plots of a load
channel. The plots represent a +2.5 volt input to command a +500 pound force
output. Figure 22 (Channel 5 lower) is one of the best channels with 20 poriod
hysteresis and a linearity of better tihan 0.5%. Figure 23 (Channel !5 lower)
represents one of the poorer performances with 40 lbs hysteresis and 1.0%
linearity. However this worst performance is within the MASTR's performance
goals.

Figures 24 and 25 are typical frequency response characteristics for the load
actuators. The 0.0 Db input corresponds to a command of +500 lbs. Figure 24
6howb the response ot channel 4 lower sec:ion. Figure 25 shows the response of
channel 14 lower section. The main difference between the two plots is that
Channel 4 had the most compliant load attach point, being mounted at the
extreme edge of the trailing edge position. Channel 14 had the least compliance
load, being mounted at the point closeat to the clamp point of the leading
edge. Both channels have greater than a 10 Hz frequency response which meets
the design goals.

I.
The •ASTR exhibited satisfactory performance with all upper control channels,
all lower control channels, and both upper and lower control channels operating %
simultaneously. %

Conclusion

The MASTR has met all its design goals. It should prove to be a useful test,
tool foz evaluation of nonseparable control surfaces. Caution should be
exercised during initial setup of the test rig in terms of insuring that all
safety limits have been properly set to protect the test specimen from overload
damage.
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SECTI•N II.
FLUTTEK SUPPRESSION( ACTUATOR

General Investigation Description

The flutter suppression actuator investigation conducted under this contract
was directed at fabrication and laboratory test of a flutter damping technique
based upon using load pressure feedback. The technique useS load pressure
sensing to change the impedance of the actuator controlling a slab type
aerodynamic control surface. The investigation used an F-4 stabilator as a tool
for application of the technique. This work is a continuation of a flutter
investigation which is described in technical reports AFFDL-Th-75-29 and AFFDL--
TR-79-3117 (Volume I). The activity described in this report is the
integration and test verification of flutter damping hardware which
incorporates improvements based upon previous test results.

The investigation is directed at the "classical flutter" problem of all moving
control surfaces (such as canards and horizontal tails). Classical flutter
involves both the torsional and bending motion of au aerodynamic surface.
FlurrPr . .,-' bec-a-c 1-eha Cpe of flow over the surface effects the amplitude
and phase of the torsional motion in relation to the bending motion of the
surface in such a way that energy is absorbed by the surface from the
airstream. At the flutter frequency, the motions of the surface in bendirg and
torsion are in a phased relationship where the potential energy that is stored
when the surface bends is transferred to the torsional twisting of the surface.
The flutter frequency of motion lies between the individual resonant
frequencies of the bending and torsional vibration modes, The conventional
method of increasing the flutter speed of a control surface is to increase the

* torsional stiffness of the surface. For slab type surfaces (like the F-4 and
F-ill horizontal tails), the control surface itself is torsionally rigid and
the torsional stiffness of the surface is primarily determined by the control
actuator. Increasing the torsional resonant frequency of the control surface
is accomplished by increasing the actuator stiffness. This is done by
increasing the actuator size, particulirly the drive area since the oil column
6tiffness generally dominates value for actuator stiffness. This stiffness
increase (by increasing the size of the a-tuator) carries with it: a weight and
hydraulic power consumption penalty. The penalty for a given application
increases with an increase in hydraulic system operating pressure. With
increasing supply pressure, the drive area of an actuator for a givep output
force requirement decreases while the drive area required for a given actuator
stiffness does not change. The difference between the greater actuatof drive
area required for stiffness and the drive area required for manuevering the
aircraft represents a weight and power consumption penalty for that method of
solving the slab surface flutter problem.

The technique used for flutter suppression with the F-4 stabilator actuator i6
based upon using negative pressure feedback to cause the stabilator actuator to
act as a damper at the torsional resonant frequency. The damper should absorb
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energy in the torsional mode and eliminate the transfer of energy between the
torsion and bending modes of the surface. The capability of adding torsional
damping with little added weight allows sizing the control actuator for the
force output required to maneuver the aircraft, rather than "over" sizing the
actuator to increane the torsional resonant frequency. For the F-4 btabilator,
the actuator drive required for maneuver loads is 3.44 square inches. The
drive area of the normal F-4 stabilator is 6.00 square inches as sized for the
flutter requirement.

The use of load pressure feedback to add damping or stability to flight control
actuators connected to inertia loads has been used in several applications,
particularly with European designed aircraft. The Jaguar uses load pressure
feedback in the rudder control actuator. The Toronado aircraft uses load
pressure feedback in the taileron actuator. The load pressure feedback
mechanization in the Toronado actuator provides a damping response
characteristic quite similar to that used in the flutter investigation with the
F-4E stabilator actuator.

As described in technical report AFFDL-TR-79-3117, the wind tunnel test with
one half of a stabilator surface and an actuator with a damping module did not
produce the expected torsional damping results. In that test sequence, the
indication was that the F-4 stabilator was decoupled from the actuator at the
first torsional resonant mode. Engaging and disengaging the operation of the
damping module had insufficient effect on the apparent damping of the torsional
resonant mode. Subsequent tests of the stabilator surface in the laboratory
indicated that the particular stabilator did not move as a rigid body in
torsion at the torsional resonant frequency, but had a torsiona1 jjwitig mode
f£U part of the surface. This twistiug mode was not indicated in a mode test
report of the F-4E stabilator surface which was written when leading edge slats
were first applied to the tail surface. The flutter damping technique being
investigated requires that the slab surface move as a rigid body at the first
torsional resonant mode.

The flutter suppression investigation activity in this section describes the
integration of the damping circuit (with improvements based upon previous test
data) into one coutrol package for an F-4 stabilator actuator. The control
package included the normal servovalve, solenoids, main control valve and
secondary actuator components used in the normal F-4 mechanization. The
control valve package was mounted on the reduced drive area stabilator actuator
previously used for wind tunnel testing. The emphasis in this investigation
activity was to optimize the performance of the damping circuit in a single
package which would be representative of flight hardware. AFFDL/FGL-TM-7&-73
"General Design Criteria for Hydraulic Power Operated Aircraft Flight Control
Actuator", June 1978 was used in all phases of the design as a guide.

From the previous testing of the damper module operation (reported in AFFDL-TR-
79-3117), there were two areas of design improvement which would benefit the
operation of the damping circuit used with the F-4 stabilator actuator. These
design areas involved a reduction of the threshold of the damping and isolation
spools and an increase in the damping flow through the circuit.

Test evaluation of the integrated design was conducted in the laboratory. The
testing was primarily response measurements of the damping circuit performance.
The test data verified the design improvements incorporated into the integrated
package and the correct operation of the module.
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Hydrnmechanical Pressure Feedback Characteristics

The following material is a summary of the analysis published in AFFDL-TR-75-
29. The sizing calculations for the F-4 st:biiator actuator are inciuded by
way of example. Values of the drive area, stiffness and surface resonance were
taken from hardware drawings and teat data. For calculation purposes, a
resonant frequency of 23 liz (fitst torsional mode) was used for the stabilator
surface on the actuator and mounting compliauce. Iu the following analysis, tLe
effect of the control valve is not included. Cmitting the control valve effect
is reasonable since the normal actuator frequency response is well below the
surface flutter frequency. By assuming that no structural feedback motioP is
introduced into the control vplve and using a "washout" in the load pressure
feedback loop, the operation of the control valve and the pressure feedback
spool can be considered non-interactirn3.

This summary is divided into the following sub-sections:

I. Undamped Actuator and Surface Mass Response

2. Actuator and Surface Mass Response with Load Pressure Feedback

3. Actuator and Surface Mass Response with Load Pressure Feedback

and Washout Circuit

4. Washout Transfer Function Description

5. F-4 S4 izing I Ca-..1- " A2.-.-

Undamped Actuator and Surface Koss Response

Consider a control actuator with no damping. For simplicity, the control valve
is assumed to remain centered and can be ignored. The actuator is assumed
operating around its mid-stroke position. The equations of motion for the
actuator and surface in response to an applied driving fcrce are:

M -
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The motion equation for ------- in Laplace Transform Form is
Fd

V

-- -- - - (Equation 1)

: Fd V M

Fd (S2 ) + 1
F ~4f3A2

Where: FA the driving force

M - surface mass

X8 = surface motion

V = total voLume of oil in actuator

-= bulk modulus of oil

A = actuator drive area P•

S - Laplace Operator

t. Comparing Equation 1 to the stardard second order expression of Equation 2:

x
---- 2- ..... (Equation 2) ,

F S2  S

i : ~4w2A2 n ni

V 4 A2

Implies that K - ----------- , a2 ------- , 0
VM

This transfer function implies an amplitude responae to the driving force which
resembles the following:
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Actuetor and Surface Mass Response with Lond Pressure Feedback

For AP (Load Pressure) Feedback, the equation of motion is:

C1  Kf

x
=- 

(Equation 3)

\~A2)S +I

Where: Fd - the driving force

M - surface mass

Xs = surface motion

V = total volume of oil in actuator
c1  f 3v

4
Kf pressure feedback gain in unit flow rate/unit

pressure

bulk modulus of oil

S = Laplace Operator

Note: The right hand term of Equa,.ion 3 is the normal second order
transfer function with:
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. A2  Kf •it

ý.7i• This shows that the damping is varied by changing the pressure feedback gain

10 Sketching the amplitude response indicated by the transfer function of Equation

3 for with load pressure feedback:

Fd

peaking dependent on
# ~value of damping flow

(varied by varying Rf)xs•

Fd

.7.Id

Vlote: the riaing amplitude below W- 1/(Cl/Kf) occurs because no washout 0

circuit was included in the derivation. The section following shows that the

washout circuit eliminates the rising low frequency characteristic.

Actuat•or and Surface Mass Response with Load Pressure

Feedback Plus Warhout Circuit

Consider a low frequency washout circuit in the AP feedback of the form:
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\ s)
Where: + 1) the washout circuit

(Equation 
4)

r - washout rolloff time constant

KW = washout circuit gain

Combining Equation 4 and 3, the equation of motion is:

C S + 1

X_ (C1 + Kf) C1 + Kf )-- --- - -- - -- - -- - -- - - (Equation 5)

Fd MCI rS3 + M(CI + Kf) S 2 + A2  rS + A2

Where: Kf - KfKW

Fd = the driving force

M = surface mass

= surface motion

-3 bulk modulus of oil

A = actuator drive area

S - Laplace Operator

r = washout time constant

KW = washout gain

Kf = pressure feedback gain (flow rate/psi)

Note: This transfer function is of the form:

X8 K (TiS + 1)
-- --(Equation 6)

Fd (T2S + 1) (S2 75Sj' + I

2 (a J•n °n



which for T-h= T2 reduces to a simple second order function. This indicates
that the washout circuit can be used to eliminate the rise in amplitude of
XS/Fd that occurs without the washout circuit at low frequencies.

Vashout Transfer Function Description

In the analysis of the load pressure feedback transfer functions, the washout
transfer function was not defined in tcrms of physical parameters. The
operation of the washout circuit is apparent from the Flutter Damper Schematic,
Figure 26. The isolation piston eliminates feeding steady differential load
pressures to the damping spool. As the load pressure varies sinusoidally with
increasing frequency, the isolation piston movement creates a flow. At low
frequencies, the flow from the isolation piston goes primarily through the
washout orifice R9. As the frequency of the load pressure variation continues
to increase, the aamping spool moves.

The equation of motion for the X plAP is:

A2
1 R2A2

S
S KK 2  (Equation 7)

P/ R2 A2
2 K1 + K2 AjR 2 _1

KlK2  /

KwS

Which is of the form -------- as used in Equation 4.
rS + I

Where: AP = load pressure drop across actuator piston

Xsp = damping spool position

Al - isolation piston drive area

A2  - damping seool drive area

xip = position of isolation piston

R, = washout orifice resistance

KI - isolation piston spring rate

K2 = damping spool spring rate

S = Laplace Operator

Note: The damping orifice in the hardware configuration will port the actuator
piston alternately to pressure and return. The porting to pressure and return
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piston alternately to pressut.z and return. The porting to pressure and return
is required to maintain correct polarity of the pressure feedback when
operating with a bias load applied to the actuator piston.

F-4 Stabilator Actuator Sizing Calculations

The following general data for the normal F-4E stabilator actuator and control

surface is used in the example calculations:

a. The torsional resonant frequency of the stabilator surface on the
stabilator actuator with both sections of the actuator pressurized is nominally
23 Hz. (The frequency varies from 21.65 to 23.55 Hz according to AFFDL-TR-/U-
20, Supplement 2, pages 217 and 218.)

b. The actuator drive area for each half of the F-4E actuator is
approximately 6.0 in 2 .

c. At frequencies above 1.5 Hz, the normal F-4E stabilator actuatot
stiffness is approximately 200,000 lbs/in (for one half of the actuator
pressurized, according to measured data from AFFDL-TR-72-13, page 190).

d. The normal maximum hinge moment requirement for maneuvering of the F-
4E is 8,600 lbs at the actuator at 6.9 in/sec rate (according to AFFDL-IR-71-
20, Supplement 3, page 179).

The following calculations illustrate the procedure for determining the
pressure fe..dh. oa...n for damping the torsional resonance of Lhe F-4E
sLabilator with a reduced area actuator. Additional calculations for the other
parameters ef the damping ciri.uit are published in Al.'DL-TR-75-29.

a. Calculation of the F-4E Stabilator Actuator inertia Load

lrom the resonant frequency of 23 Hz and the stiffness of 400,000
lbs/in (both halves of the actuator pressurized), the surface mass as
seen by the actuator is calculated as 19.14 lbs sec/in 2 (simple
spring-mass resonance).

b. Calculation of the Actuator Drive Area

The worst case hinge moment requirement of the stabilator actuator is
8,600 lbs at 6.9 in/sec. Allowing 2,500 psi across the piston, 500
psi drop across the control valve, the maneuvering force can be
generated with 3.44 in- drive area with only one hydraulic system
operating. This is a considerable reduction from the 6.0 in 2 drive
area normally used in the F-4E stabilator actuator.

c. Calculation of the New Torsional Resonance Frequency

Reducing the drive area of the actuator also reduces the stiffness and
hence the torsional resonance frequency. For one half of the actuator
pressurized, the surface resonance frequency with 3.44 in' drive area
and one system operating will be 12.31 Hz and is calculated as
follow3:
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Stiffness Reduction

- 200 ,000 _ _-44

LN x 6 .00

= 114,666 lbs/in

New Torsional Resonant Frequency

/114.666
Fa 23 _______

Fa 400,000

Fn - 12.31 Hz

d. Calculation of the Pressure Feedback Gain for a Specific Damping Ratio

For the pressure feedback gain Kf, consider equation 3 for the surface
motion/driving force with pressure feedback (but without the washout
circuit included):

(C'I

X6 Kf

The coefficient of the S term in the denomindtor of the above equation
corresponds to the 2]/Wn term of a standard second order transfer
function, where }n is the resonance frequency, & is the damping ratio.
Therefore, equating the coefficients and substituting in the following
values allows solving for the pressure feedback gain:

For: A - 3.44 in 2

- 1.0 (critically damped)

M - 19.15 lbs sec/in 2

f 12.31 Hz

26 MKf

601 n A2

tKf 0.016 in 3 /secilbs/in 2I
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F-M Da•ping Circuit Sumary

Figure 27 is a hardware photograph showing the incorporation of thc damper
circuits into an F-4E stabilator power actuator as add-on module:,. The
modified actuator is illustrated in couparison to the standard F-4E. Note that
the damper package is composed of two identical damper circuits mounted
immediately under the control valve package.

The damping circuit and actuator values used for the add-on module hardware are

the following:

Actuator drive area A = 3.44 in 2

Damping spool diameter - 0.312 in

Isolation spool diameter = 0.312 in

Damping spool spring rate K2 - 1050 lbs/in

Isolation spool spring rate K1 - 1050 lbs/in

Washout orifice resistance RI - 1419 lbs/in2 /in 3 /sec.

Rolloff orifice resistance R2 - 567.6 lbs/in2 /in 3 /sec.

Normal damping ratio - 1.0

Rolloff break frequency - 100 Hz "

Pressure feedback gain Kf - 0.016 in3/sec/lbs/in 2

The above values, with two exceptions, were used for the integrated control
valve package. The exceptions involved pod diameter and centering spring
sizing.

Optimized Flutter Suppression Actuator Description

Figure 28 is a photograph of the optimized flutter damping package installed on
the same reduced drive area actuator body as shown previously in Figure 27 with
the add-on damping modules. In contrast to the add-on adapter plate and
damping modules shown in Figure 27, the integrated control body incorporates
the normal F-4E control components in the same body which holds the operating
components of the damping circuit.

From the evaluation of the previous test results with the add-on damping
modules, it was decided in the design of the integrated control package to:

a. Increase the active drive area of the damping and isolation
spools.

b. increase the damping flow porting to provide a higher damping
flow gain. r
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In designing the control package, the porting paesages through the damping
module were kept as short and as large as practical. The following
subassemblies from the standard F-IE stabilator were used without change:

1. Pilot input linkage assembly

2. Lock-out valve assembly

3. Auxiliary servo ram assembly

4. Servo and by-pass valve package

The basic requirement in designing the package was to duplicate the exact
functions of the original control valve package with the addition of the
damping modules as part of the valve body. This included providing the three
different operational modes of:

I. Manual mode 4

2. Series servo mode

3. Parallel auto-pilot servo mode

Two solenoid operated hydraulic switching valves are incorporated to provide
the above modes of operation on receiving the appropriate signals from the
pilot.
The damping Tnnrthi- l 1 le~g to.1...fi •e J-: m uJ

The d •e _ d..S f. . t'E ',i,.1. p5ug wu4ue comporenLs were:

Damping Spool Diameter 0.438 in

Isolation Spool Diameter 0.438 in

Damping Spool Centering Spring Rate 2.250 lbs/in

Isolation Spool Centering Spring Rate 2,250 lbs/in

Nominal Damping Ratio 2

Washout Break Frequency 5 Hz

Rolloff Break Frequency 100 Hz

Pressure Feedback Cain (min) 0.032 in 3 /sec/psi '

in comparing the design sizes for the integrated control damper with the add-on
module values, it is apparent that the damping spool and isolation piston
dia.a.eterd have been increased to give a spool drive area approximately twice
the add-on module valve. This was done to reduce the threshold on the operation •l

of the damping circuit. The spring rate of the centering springs was
correspondingly increased by z factor of two in order to keep the stroke of the
isolation piston and damping spool strokes at the original value. In addition
to the damping .pool diameter change, the porting area of the flow slots were
doubled compared to the original modules. This was to give a margin of safety .e
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on the measured damping and provide theoretically a damping ratio of 2 with the
F-4E surface inertia and nominal resonant frequency of 12 lHz.

Figure 29 shows the end view of the integrated control housing body. The

center section (between the 5 and 7 inch marks on the scale in Figure 29)
housed the normal F-4E stabilator control components. The position of the body
to the right and left of the center section houses the damping cit cuit
components. The general appearance of the internal damping components (damping
spools, isolation pistons, centering springs and sleeve) were similar to those
used in the non-integrated damping modules. (Reference page 7 and 8 of the
AFFDL-TR-79-3317 report.)

Figure 30 shows the side view of the integreted control housing body. The P

and R 1 port connections are located as shown in this figure. The P 2 and R 2
ports are located on the opposite face of the body (the back face as shown in
Figure 30). Note that smaller ports labeled PI, P 2 , P 3 , C 1 and C 2 are also
provided on this face of the integrated body. These porte were used as
instrumentation ports during testing and setup of the damping circuit powered
by the P1 hydraulic system. A similar set of ports was included on the
opposite face for the damping circuit powered by the P 2 hydraulic system.

General Test Procedure

For the evaluation of the integrated control package performance, the package
and reduced drive area actuator were mounted in the general purpose actuator
test rig (GPATR). In measuring the damping module response, the GPATR was used
as a simple holding fixture. For the measurement of the flow response of the
azmp._n. •-,i,, L•hL , .. r... was used for providing dynamic loading of the
stabilator actuator. The tests conducted on the stabilator actuator with the
integrated control package were limited to verifying operation of the damping
circuits. The tests were similar to those used to investigate the operation of
the damping circuit of the module units (as reported in AFFDL-TR-79-3117). The
performance of the normal F-4E stabilator actuator components used in the
control package was not recorded as part of the test program.

Figure 33 shows the reduced drive area actuator and control package mounted iv
the GPATR kor evaluation. The load actuator applies a load to the left end of
the actuator as shown in the Figure 33. The F-4 stabilator actuator is a moving
body actuator where the motion of the actuator follows the motion of the input
linkage. As shown in Figure 33, the input linkage attach point was connected
to the actuator rod which in turn was connected to the GPATR framework. Note
that in Figure 33, there is a servovalve on a small manifold block located
immediately below the modified F-4E actuator. The servovalve was connected to
the damping module as a dynamic pressure source for setup of the damping
circuit washout orifice. Note also that in Figure 33, the mechavical input
summing linkage includes an additional motion summing linkage from a normal F-
4E actuator. This linkage was added because in the initial operation of the
control package and modified actuator, it was discovered that the flow porting
from the normal F-4 control valve to the actuator cylinder ports had been
reversed. The additional linkage corrected for the porting error. Although the
internal control package modification to correct the porting erro.r was straight
forward, the input linkage reversal was the most efficient iodification for the
evaluation testing.
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Isolation and Damping 8 pool Differential Pressure Response

Figure 34 is a schematic of the teat setup used to record the differential
pressure response across the damping spool and isolation piston. Note that a
"servovalve with a pressure gain reducing orifice across its cylinder ports was
used to create the excitation differential pressure across the isolation
pistons-damping spool combination. For thes- tests, the roll-off orifices used
in the cylinder port lines from the actuator drive area to damping circuit were
shut off. The cylinder port output lines from the servovalve were connected to
the C 1 , C2 or C 3 , C 4 test ports in order to generate the test input
differential pressures. Differential pressure transducers connected across the
isolatiou piston and damping spool were used to measare the pressures across as
a function of input frequency. Each damping circuit was evaluated
independently. For the section of the actuator not being measured, the supply

Wil pressure was turned off and the cylinder ports connected to atmosphere. The
BAFCO response analyzer and XYY" plotter were used to measure and record the
amplitude and phase of the differential pressures compared to the total
differential "cylinder port" pressure.

Figures 35 through Figure 40 show the isolation and damping differential
response for the washout orifice setting adjusted to give the desired response.
The response measurements of Figure 35 through Figure 37 are for the components
in the damping section powered by the P1 supply. Figure 38 thrcugh Figure 40
are measurements of the damping section powered by the P 2 supply. Each figure
uses a different input excitation pressure in order to show the change in the
response characteristics with a change in excitation level.

Figure 35 shows the response of the P1 section with the applied differential
pressure ecuivalenr t'o an applied load to Lhe auiuator section ot +1,720 lbs.
This load is 16.61 of the stall load on one half of the reduced drive area
actuator with its drive area of 3,44 square inches. Note that 0 Db for the
isolation piston is +500 psi. At low frequencies, the differential pressure
across the damping spool is low and rises at a slope of 6 Db/octave with
increasing frequency up to a frequency of 10 Hz. The differential pressure
across the isolation piston decreases with increasing frequency. At frequencies
above 10 Hz, the differential pressure across the isolation piston aud the6-" damping spool approach each other. Note that the phase angle of the damping
spool starts out at a leading phase angle of greater than 40 degrees. The

W,; leading phase characteristic is consistent with the designed washout transfer
function of KS/(TS + 1). Note that the isolation piston differeatial pressure
is nearly in phase with the applied pressure at I Hz. The damping spool

"differential pressure response is in phase within +10 degrees with the applied
dynamic pressure from 10 to 18 Hz.

Figure 36 shows the response of the P 1 section with the applied load of + 3,612
lbs. This is nominally twice the excitation level used for Figure 35. The
phase and amplitude characteristics of the damping spool differential pressures
are similar to those shown on Figure 35. The phase angle of the damping spool
pressure is a leading phase angle of 44 degrees at low frequencies (below 5
liz). The amplitude of the damping spool pressure levels out above 10 Hz. The
2 to 1 iuput pressure excitation level change appears to have little effect on
the response characteristics of damping spool end isolation piston.

Figure 37 shows the response characteristics of the P, damping section with an

applied load of +.6,192 lbs. This is 60% of the stall load oL the k' actuator
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FLUTTER SUPPRESSION INVESTIGATION

Test: Isolation & Damping Ap Response
Mode: P 1 Active - Orifice @ 3/4 Turns Open Date: 16 November 1984
Load: +1,720 lbs.

Ap, Vs Load-
Db II0Damping ap -Phase

0

4-,

-4 
fu

5Db

120 0

I hp -+500 psi @ I Hz
D ap-+56bpsi~ @IHz

D~amping &p -A/R

!.0 2.0 5.0 1. U03.

Frequency 11Hz

Figure 35. P Isolation & Damping AP Respons%Ž at 1,720 Lb. Load
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FLUTTER SUPPRESSION INVESTTGATION

Test: Isolation & DampingAp Response
Mode: P Active - Orifice @ 3/4 Turns Open Date: 16 November 1984
Load: +3,612 lbs

4ap Vs Load

Db....... ' ..... . I I

Damping ap - Phase

Isolation AP p Phase 0

0

isolation Ap -AR

o -4

-6 0O

,4C

5 Db

00

Dop t+121 Psi @ I 1az

"Damping Ap "AIR-• .,

-180

1.0 2.0 5.0 10.0 20.0 30.0

Frequency - Hz

"Figure 36. P isolation & DampingAF Response at 3,612 Lb. Load
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FLUTTER SUPPRESSION INVESTIGATION

Test: Isolation & Damping Ap Response
Mode: Pi Active -- Orifice @ 3/4 Turns Open Date: 16 November 1984
Load: +6,192 lbs

41p Vs Load
Db A. ._ , m Bii0

Damping ap - Phase

Isolation Lp- Phase 0 .

0

-4 Isolation Ap- A/R'-I

CuC

S -60 Q)
-o

0

,,,•p• . +10 piQ 1H

"-l801
Damping Dp -pA/R

1.0 2.0 5.0 10.0 20.0 30.0

Frequency Hz

Figure 37. P Isolation & Damping AP Response at 6.192 Lb. Load
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FLUTTER SUPPR~ESSION INVSSTIGATION

Test: Isolation &Damping A p Response
Mode: P2 Active -Orifice @ 3/4 Turns Opent Date: 16 N~ovemnber 1984
Load: +29064 lbs.

Db p Vs Load

Damping &p -Phase

600

Isolation &p -A/R -

5 Db
Isolation &p -Phase

-600

IA - -6( psi @ IHz

04P- +3.5psi I Hz

Da-itping ap M,.

1.0 2.0 5.0 10.0200 3.

Frequency 11lz

Figure 38. P Isolation & Dazaping AP Response at 2,064 Lb. Load *~~
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FLUTTER SUPPRESSION INVESTIGATION

Test: Isolation & Damping p Response
Mode: P 2 Active - Orifice @ 3/4 Turns Open Date: 16 November 1984
Load: +_3,784 lbs.

Z~p Vs Load

Db '

-I

Damping &p _ Phase -'"-

- -- 60

0

Isolation & - A/R-- 4---

5 Db
0

Isolationp Phs

, -+) O Psi' 1 Hz60

UL1p +-127 psi 1 Hz

Damping &p _ A/R

120°

'.0 2.0 5.0

Frequency - lz
Figure 39. P2 Isolation & Damping AP Pesponse at 3,Y/4 Lb. Load
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FLUTTER SUPPRESSION INVESTIGATION

Test: Isolation & DampingAp Response

Mode: P2 Active - Orifice @ 3/4 Turns Open Date: 16 November 1984
Load: +5,504 lbs.

_____________ Vs Load

Db

- -

Damping ap -Phase'

-, 600

0-

Isolation &p - A

i0

Isolation 4p -Phase -

,Db

S; ; ; i ;60°

I '+1600 psi 1 Hz-

Dip +185 psi @ I Hz

IDamping p - A/K -120O

.02.0 5.0 10.0 20.0 30.0

Frequency -Hz

Figure 40. P Isolation & Damping 6P Response at 5,504 Lb. Load
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section. The response is quite similar to the other two PI response
measurements at lower loads. The principal difference is the rise in the
amplitude (1.5 Db) of the damjing spool pressure over the frequency range of 10
to 30 Hz. At the lower excitation loads, the rise in amplitude over the same
frequency range was from 0 to 1 Db.

Figures 38, 39 and 40 show the response curves of the P 2 damping section at
different loads. The curves are timilar tu the P1 section response curves with
some minor differences.

Figure 38 shows the response of the P 2 damping secticn with excitation
pressures equivalent to a P2 actuator section load of +2,064 lbs. Note that
the damping pha3e leads the excitation phase by 68 degrees at 1 Hz. This phase
lead is greater than that measured on the P, dampinS section at thit frequency.
However, over the frequency range of 10 to H Hz the phase angle of the dasmping
spool preF.sure is within +10 degreea with the applied pressure. This is quite
similar to the PI damping spool pressure phaje characteristics of the P1
section.

Figure 39 which shows the response of the P2 damping section with an excitation
load of +3,784 lbs is similar to the re3ponse shown on Figure 38. The
amplitude resporne of the damping spool pressure shows a break frequency of
nominally 10 lHz. The amplitude :esponse of the damping and isolation pressures
of the P2 section both show a slight amplitude rise abovE 20 Uz. This is
different than thaz measured on the Ps section where the amplitude either
remained constant or attenu~tcd slightly.

f .ive snVAshows rhe response of the P2 damping section with an excitatioD
pressure corresponding to a P 2 actuator section load of t5,0504 lbs. The phase
and amplitude response characteristics are similar to the other P 2 (and P1 )
section pressure response measurements.

Individual Damping Section Dynamic Load Response

In order to verify the damping flow operation of t.c integrated control package
installed on the modified stabilator actuator, bcv:h the GPATR load actuator as
well as the servovalve pressure source were used. The GPATR load actuator was
used to apply a dynamic load to the stabilator actuator. This allowed creating A
a differential pressure across the drive area of the stabilator actuator. This
technique was used for several tests. In addition, the servovalve pressure
source was used to drive the damping circuit with the Lircui.t drive isolated
from the cylinder ports. This allowed a comparison of the damping flow
performance with both measurement techniques.

In making the damping flow gain measurements, the return line flow from the
actuator section being evaluated was connected through a turbine flow meter.
This allowed recocding the flow from the integrated control package as the load
system applied a dynamic load to the test actuator. In tebting each of the
damping sections, only the actuator half corresponding to the damping section
being tested was pressurized. The other half of the actuator was bypassed and
unpre...-rized. This allowed evaluating the performance characteristics of a
single section of the control package without the interaction possible with two
sections operating at the same time. 'ne outputs of the turbine flow mete- and
the differential pressure transducej- measuring the stabilator differential
pressures were connected to a Brush chart recorder. The chart recorder data
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(with correction for the dynamic characteristics of the turbine flowmeter) was
used to generate the response plots of the damping flow gain (cis/psi) and
phase as a function of frequency. The response plots obtained from the strip
chart data are eomewhat affected by waveform distortion and tend to be more
irregular than those obtained from a response analyzer.

In evaluating the damping flow gain, the effect of the normal control valve on
the damping flow response was evaluated. Under loaded conditions the motion of
the actuator in response to loads causes the mechanical input control valve
(which is connected to a ground point off the actuator) ports flow to oppose
the actuator motion. The response of the control valve rolls off starting at a
frequency of 2 Hz and would not be expected to affect the damping flow at 12 Hz

in"; and above. To verify this, for the servovalve pressure source tests the
S....damping flow response measurements were made both with the input linkage r

attached to a ground point and the input linkage hand held at null.

Figure 41 is a plot of the strip chart data for damping section P 1 at a
constant differential input pressure of +1,200 psi across the damping spool and
and isolation piston combination. This response measurement was conducted with
the mechanical input linkage ungrounded and held at: null in order to eliminate
any dynamic flow contribution from the main control valve. Note that the flow
reponse phase angle at low frequencies leads the phase angle at 10 Hz by
nominally 60 degrees. The amplitude of the flow response increases up to a
frequency of 10 Hz and then remains relatively constant from 10 to 30 Hz. The
design ampli:ude ratio of 0.016 psi is met at 10 Hz and maintained from 10 to
30 Hz.

Figure 42 is e plot of the strip chart data for damping section P 1 at a
constant differential input pressure of +1,200 psi across the damping spool and
and isolation piston combination. This is the same test as Figure 41 with the
input linkage mechanically grounded to the GPATR frame. This attachment is
oimilar to that when the actuator is mouuted in the aircraft and allows any
load induced actuator motion to create an opposing flow from the control valve
(within its response capabilities). Note that except for the amplitude
response of the damping flow in the response region from 0.5 to 2 Hz, Figure 42
resembles Figure 41. This verifies that the control valve interaction with the
damping circuit is very slight.

Figure 43 is a plot of the P, section damping flow response strip chart data at
the came input pressure differential of +1,200 psi as Figure 42. The input
linkage is grounded for the data used for Figure 43. The amplitude response
characteristic is similar to that of Figure 42 with 0.016 cib/psi damping flow
gain being obtained by 10 Hz and maintained to 30 Hz. Thc response below 10 Hz

shows less roll off than the PI section, perhaps because of the particular
setting of the washout orifice in this section.

"Figure 44 is a plot olf the damping flow response of section P1 with the input
'linkage beld at null. The applied damping circuit excitation pressure was
+2,100 psi (compared to che 3,000 psi supply pressure). The amplitude of the
response remains nominally constant at the 0.016 cis/psi from 12 to 25 Hz.

Figure 45 is a lot of Lhe damping flow response of sectionk P2 with the input
linkage mechanically groundea to the GPATR frame. The applied damping circuit
excitation pressure was +2,200 psi, slighty greater Lhan that used fcr Figure
44. The response of the P 2 section at frequencies above 8 Hz resembles that of
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response Date: 9 October I'A4
Mode: Damped - P Active
Load: +1200 psi (+4,128 lbs.)
Input Linkage: Hand deld

Damping Flow Gain vs Frequency
Db

"900

0 " -0o
4 5 0

-7-,

- *., ..

no

b

-20

0-45

-30 - Amplitude Patio
(0 Db .015 cis/psi)

- Phase

-90°

-40
.5 .O 2.0 5.0 10.0 20.0 30.0

-rE-uency - iz

Figure 41. Damping -low Rcesponse, PI Se:Lion, Hand li-ld InpuL.
+1200 psi AP
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response Date: 9 October 1984
Mode: Damped - P Active

Load: +1200 psi (+4,128 lbs.)
Irnput Linkage: Mecnanically Grounded

Damping Flow Gain vs Frequency
Db ,

9Q0

-0 4
, . , -.

- ., ,.'

to

10

C)
a) C.

-2o"
0.

2-45

-30 O- Amplitude Ratio
(0 Db - .016 cis/psi.)

----.-- Phase

_90 o 0._

-40

.5 1.0 2.0 5.0 10.0 20.0 30.0

Frequency - Hz

Figure 42. Damping Flow Response, P, Section,
Mechanical Ground Input, +1200 psi XP
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response Date: 9 October :984
Mode: Damped - P Active
Load: +1200 psi (+4,128 lbs.)
Input Linkage: Mechanically Grounded

Damping Flow Gain vs Frequency
Db " -,0

100

0 4

0I

m&*, . . . .

'A -10

-'-4

0

-20

0---- Amplitude Ratio
(0 Db - .016 cis/psi).

A -- 4 Phase

-40
.5 !.0 2.0 5.0 10.0 20.0 30.0

Frequency - Hz

Figure 43. Damping Flow Response, P 2 Section, Mechanical Ground Input,
+1200 psi 
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response Date: 9 October 1984
Mode: Damped - P Active
Load: +2100 psi (+7,224 lbs.)
Input Ltnkage: Hanid Held

Damping Flow Gain vs Frequency
Db 47 ; k I :1:'. .I I -I

S..- 900

10 .:._

" - - --

0 0
I N:I -

* . "'

• I

, ' I -- _ .41 %•

i : :

o.. -4.. . .. -. :

-10I

SA I

. ..

• . . . .:,-..i .. .. *-• -

,-45

L• -. -i- 50•.I- -

-l , ., .* . a

-30 0---- Amplitude RatioI
(0 Db -. 016 cis/psi):

~ Phase

0
-90

-40 I .

.5 1.0 2.0 5.0 10.0 20.0 30,0 .0
Frequency - Hz

Figure 44. Damping Flow Response, PI Section, Hand Held Input,
+2100 psi AP
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response Date: 9 October 1984
Mode: Damped - P, Active
Load: 42200 psi (t7,568 lbs.)
Input Linkage: Mechanically Grounded

Damniping Flow Gain vs Frequency
Db I '

-4.. **--- ** I900
JO I

I -0

t Q

H *.--- 4

10 0

i A •

. . . -I -. . -, '_ I

C .- , I .

"" /
-to o

-45

0 A

• QJ,/ : 1, . . . o

• - . ci /psi

~ Phase

-90

-40

1.0 2.0 5.0 .0.0 25.0

Frequency - z

Figure 45. Damping Flow Response, P2 Section, Mechanical Ground input,

+2200 P6
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P1 section at a similar excitation pressure. The amplitude response is almost
identical. The phase response exhibits 15 degrees less phase lead than thre P 1
section over the frequency range of 10 to 20 Hz. Below 8 Hz, the difference in
reponse can be attributed to slightly different characteristics of the washout
circuit operation and the difference in the input linkage grounding.

figure 46 ;s a plot of the damping flow response with the load actuator

generating the dynamic differential pressures in the stabilator actuator. This
test includes the effect of the fluid transmission coupling from the actuator
piston chambers to the damping circuit. The excitation force used creates a
differential pressure of 581 psi across the damping circuit. For this test the
input linkage was mechanically grounded. As shown in Figure 46, the damping
circuit just meets the 0.016 cia/psi gain requirement at 12 Hz and is -4 Db
from 15 to 30 Hz. The phase angle at 12 Hz is -15 degrees which is acceptable.

Figure 47 is a response plot of the damping flow for the P 2 section of the test
actuator with the same test conditions as used to generate the data for Figure
46. The response of the P 2 section at the low load level of +2,000 lbs. is
similar to that of the P 1 section. The amplitude of the dauping flow gain is
maintained out to 30 hz which is slightly better than the Pl section. However,
the phase characteristics over the same frequency range axe slightly worse (-20
degrees at 12 Hz vs -15 degrees).

Figure 48 is a response plot of the damping flow with the load actuator used to
generate a dynamic load of +5,000 lbs over the test frequency range. The
response of the PI section is shown. The amplitude response meets the 0.016
cis/psi design value from 5 to 20 Hz. The phase response is nominal"' 20
degrees leading over the 10 to 25 Hz fiequency range. The response is similar
to that measured at the +2,000 lb load le ;el, indicating chat the operation of
the damping module is not greatly affect by the amplitude of the load pressure.

Figure 49 is a response plot of the damping flow for the P 2 section taken under
the same test conditions as used for Figure 48. The P 2 section amplitude
response is similar to the P 1 section at frequencies above 5 Hz. The P 2
section amplitude response attenuates less than the P1 section at frequencies
below 5 Ez. The phase response over the frequency range of interest (10 to 20
Hz) exhibits a little less lead (15 degrees) than the P1 bection.

The results of the flow gain response measurements showed that the design
response gain of 0.016 cislpsi was maintained over the frequency range of 10 to
20 Hz by both damping settings and at load pressures from 581 psi to 2,200 psi.
The input linkage coupling to the mechanical input control valve had minimal

effect on the d&mping flow operation over the 10 to 30 Hz frequency range.

Dual Damping Sectious Dynamic Load Response

'- * In order to evaluate the damping response of both the P 1 and P 2 damping
sections, the load actuator was used to apply a dynamic load to the modified F-

4E stabilator actuator. The return line flows from the PI and P 2 actuator
sections were connected together and passed through a turbine flowmeter. The
output of the flowmeter and the load actuator force transducer were recorded on
a strip chart recorder. The response of the return line flow to the load force
waa plotted from the strip chart data. For these tests, the inp'it linkage was
mechanically grounded to the GPATR framework.
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response Da.-e: 9 October 1984
Mode: Damped - P 1 Active
Load: +2000 lbs. (+5831 psi)

Ir.put Linkage: Mechanically Grounded

Damping Flow Gain vs Frequency
Db 0

90 0

100

0 4

.00

10 -- A01
- 20

- 0

-4 5
9-4 * .•s.--

-20
-450

0-- Amplitude Ratio
-30 (0 Db ,016 cis/psi)

0

-40

.5 3.0 2.0 5.0 10.0 20.0 30.0

Frequency - Hz
Figure 46. Damping Flow Response, PI Section, Mechanical Ground Input,

+2000 lb. Load
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FLUTT SUPPRESSION INVESTIGATIUN

Test: Flow Gain Response Date: 9 October 1984
Mode: Damped - 1'2 Active

Load: +2000 lbs. (+581 psi)
Input Linkage: Mechanically GroundeJ

Damping Flow Gain vs Frequency

Db

90'
10

f---

100

0 , -45-

00

0 \V((n

LL

00

-45

-I I

-30 0,- 0 Amplitude Ratio
(0 Ob = .016 cis/psi)

' - Phase S -

0-90 -

"-40

.5 1.0 2.0 5.0 I.O 20.0 30.6

Frequency - 11z

Figure 47. Damping Flow Response, P 2 Section, Mechaniical Ground input,

+2000 lb. Load
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response Date: 9 October 1984
Mode: Damped - P1 Active
Load: +5000 lbs. (+1,453 psi)
Input Linkage: Mechanically Grounded

Damping Flow Gain vs Response
Db . -

900

10 , . ' . .

S"45

%

-10.

I .

.0 "- ... -""--. . -5°

0 .. , • ,/ -
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Frequency - Hz

Figure 48. Damping Flow Response, P1 Section, Mechanical Ground Input,
+5000 lb. Load 80

" " "" "" ", " " , ," ," " " ..... ."....1.."." "..""....".



FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response Date: 9 October 1984
Mode" Damped - P 2 Active
Load: +5000 lbs. (+1,453 psi)
Input Linkage: Mechanically Grounded

Damping Flow Gain vs FrequencyDb , I , '

0
90

0 0

0 U)

0

-450

-30 -O Amplitude Ratio
(0 Db =.016 cis/psi)

-90,

-40(
.5 1.0 2.0 5.0 10.0 20.0 3u.o

Frequency - liz

Figurc 49. Damping Flow Response, P2 Section, Mechanical Ground Input,
+5000 lb. Load
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Figure 50 shove a representative section of the strip chart data. In addition
to the traces shown, the input command to the load system and the actuator
"position were recorded but not presented because of the page size constraint.

* The data shown is at 12 Hz at a load of +1200 lbs. The isolation piston and
and damping spool differential pressures resemble the load system force
waveform and are in phase with the applied load. Tne waveform from the flow
meter output measuring the return line flow is a "double" frequency waveform.
The double frequency is created because the return line flow from a damping
spool is lowest at the spool null and iacreases each side of null. As the
!amping spool strokes through its total deflection in response to a sinusoidal
differential pressure, two flow peaks are created.

The return flow waveform is neither the best nor the worst recorded during the
test measurements. At frequencies greater than the 12 Hz shown on Figure 50,
the waveform is attenuated but appears sinusoidal with little distortion. The
peak amplitude of the waveform and the time shift in relation to the input load

were used to generate the damping flow gain response plots. Note that because
of the flow waveform distortion, the amplitude and phase plots are not as
regular as plots made using a response analyzer. A response analyzer using a

,o Fourier transform technique looks only at the fundameotal frequency component
at each test frequency. Because of the frequency doubling characteristic of
the :eturn flow, using a response analyzer for the flow gain response
measurements was not practical.

Figure 51 is a return line flow response plot of the modified F-4E actuator
with the damping sections disabled and aj applied load of +4,000 lbs. This plot
shows the return line flow contributio- from the ivi,-aA controi valve vith the
actuator u•n•cr load. Note that the contribution is more than 20 Db down at 12
Hz.

Figure 52 is a return line flow response plot of the F--4E actuatoz with the
damping sections disabled and an applied load of +7,500 lbs. The response
resembles that of Figure 51, with the return line flow response attenuated more
than 22 Db at 12 Hz from the 0.016 cis/psi design damping flow at that
frequency. Since with the damping modules operating, the return line flow
response is a combination of the control valve and dampiug spool flow. Figure
52 and Figure 51 indicate that the amplitude of the control valve flow above 10
Hz (even if in phase with the damping flow) has little effect ou the total
return line flow.

Figure 53 is a plot of the return line flow response to an applied load of
+2000 lbs with both damping sections of the control package operating. This
load creates a differential pressure across each drive area of the actuator of
291 psi. The response is 4 to 5 Db below the design nominal damping flow of
0.016 cis/psi over the frequency range of 10 to 18 Hz. The phase of the flow
varies from -23 to -35 degrees over the same frequency range. The reduced
amplitude response reflects the low differential pressure at this applied load.
SThe threshold of the damping and isolation piston can reduce the effective flow
gain at low differential driving pressures.

Figure 54 is a plot of the return line flow response to an applied load of
+4000 lbs with both damping sections operating. The amplitude response from 10
to 20 Hz meets or exceeds the 0 Db design level of 0.016 cia/psi. The phase
angle relative to the input load is -22 to -34 degrees over the same frequency
range. The amplitude and phase response below 5 Hz is affected by the control
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FLUTTER SUPPRESSION INVESTIGATION I

Sampe Cart ataDate: 9 October 1984
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Figure 50. Chart Data, Dynamic Flow Response at 12 liz
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response Date: 6 September 1984
Mode: Undamped - P 1 & P 2 Active
Load: +4000 lbs.

Damping Flow Gain vs Frequency
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Figure 51. Flow Gain Response, Undamped. +4 ,000 Lbs.
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FLUTTER SUPPRESSION INVESTIGATION

rest: Flow Gain RespoILse Date: 6 September 1984

Mode: Undamped - & P2 Active
Load: +7,500 lbs.

Damping Flow Gain vs Frequency
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Figure 52. Flow Gain Response, Undamped, +7,5k0 Lbs.
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response Date: 6 September 1984
Mode: Damped - P 1 & P2 Active
Load: +2000 lbs.

Damping Flow Gain vs Frequency
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Figure 53. Flow Gain Response, Damped, +2,O00 Lbs.

86



FLUTTER SUPPRESSION INVESTIGATJ

Testz Flow Gain Date: 6 September 1984
Mode: Damped - P & P2 Active
Loadr +4000 lbs.

Damping Flow Gain vs Frequency
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Figure 54. Flow Gain Response, Damped, +-4,000 Lbs. ,2
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valve flow contribution as expected and remains above 0 Du from 5 to 1 Hz.
This is consistent with the amplitude response of the control valve alone as
shown previously on Figure 51.

Figure 55 is a plot of the return line flow response to an applied load of
+7500 lbs. This load produces a differential pressure cf 1,090 psi across each
of the actuator drive areas. The flow gain amplitude response remains above
the 0 Db (0.016 cis/psi) level from 10 to 19 Hz. The phase of the flow
relative to the applied load is between -17 and -40 degrees over the same
frequency range.

The operation of the control package with both the P1 and P 2 damping sections
was satisfactory. There is still threshold effect on the flow gain response at
low excitatiou pressures. This is a direct function of the damping spool lap
conditions, washout orifice characteristics and the damping spool and isolation
piston friction levels. Modification of these characteristics within limits can
be used to reduce the threshold level as required.

Flow Gain Excitation Sensitivity

Figure 56 shove the damping flow gain vs differential pressure at 12 Hz. Both

Pl and P2 sections of the actuator were operational and the mechanical input
connected to a ground point on the GPATR fra-mework. The differential pressure
scale on Figure 56 is for the differential pressure across each area of che
actuator. Note that the lowest pressure data point corresponds to a +500 lb
load applied to the test actuator. The largest differential pressure data
point corresponds to a ±10,000 lb load applied to the test actuator. As shown
on Figure 56, the flow gain of the damping sections continues to increase up to

differential pressure of 750 psi. The total increase from the lowest gain to
the high-.at is 4.5 Db. The damping gain reaches the 0 Db (0.016 cis/psi) level
at 150 psi differential pressure. In designing the control package, the
porting area was increased by a factor of two for the damfing spool. This
would correspond to a +6 Db gain on Figure 56. The flow gain dces not quite
reach the +6 Db level, indicating chat the integrated control package has some
internal flow restrictions.

As previously stated, the threshold or low differential pressure characteris-
tics of the damping circuit are affected by the washouc orifice
characteristics, the friction of the isolation piston and damping spool, and
damping spool lap conditions. The washout orifice used in the integrated
control package was a "short cube" design. The flow characteristics with
applied differential pressure lie between that of a sharp edged orifice and a
long pipe. The sharp edged orifice flow characteristics are proportional to
the square root of the applied differential pressure and independent of the
fluid viscosity. For pipe flow, the flow is directly proportional to the
applied differential pressure and the viscosity of the fluid. The low
differential pressure sensitivity could be increased by using a long tube or
pipe at the expense of having a washout break frequency be a function of fluid
temperature. The friction characteristics of the damping and isolation spool
were improved in the integrated control package by increasing the drive area of
those elements. Friction tends to increase vith diameter while the driving
force available for overcoming friction increases as the square of the diameter
(for a given differential pressure). The limitation on the size increase of the
drive area is one of volume and weight. The lap conditions of the damuping
spool are established when the spools are meter ground to the sleeve ports.
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FLUTTER SUPPRESSION INVESTIGATION

Test: Flow Gain Response Date: 6 September 1984

Mode: Damped - P1 & P 2 Active

Load: +7500 lbs %

Damping Flow Gait. vs Frequency
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Figure 55 Flow Gain Response, Damped, +-7,500 Lbs.
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Some small overlap is desirable in order to minimize the leakage through the
damping spool when the spool is at null. The damping spools for the integrated
package were made with a nominal 0 to 1% overlap.

Con• lusions and lecomendations

1. The integrated control package operated nominally as expected from the
design. The increase of the damping spool and isolation piston drive areas to
a value twice that previously used for modular damping units did reduce the
threshold and presented no packaging problem.

2. The flow gain characteristics as measured on the damping modules met the
required minimum damping flow gain of 0.016 cis/psi at 12 Hz. The damping flow
gain at excitation pressures across the actuator drive areas greater than 700
psi was 0.025 cis/psi, giving a theoretical damping ratio of 1.58. The damping
should be sufficiently high enough to eliminate any amplitude peaking at the
torsional resonant frequency at any differential pressure above 75 psi
(corresponding to a load of +500 lbs with both actuator sections operating and
+250 lba with one section of the actuator operating,%*

3. The integrated control package with the hydromechanical damping sections
incorporated into the unit along with the normal F-4 control hardware was
successful. The control package was larger than the normal F-4E control
package (as expected when adding additional hardware to an existing unit).
However, the reduction of the actuator drive area to 3.64 square inches each
section from 6.0 square inches provides a lighter, lower volume actuator body

L and a maximum rate flow requirement reduction of 43% from the normal F-4
actuator. osn

4. The potential of load pressure feedback for flutter suppression is good.
The use of load pressure feedback on aircralt flight control actuators has been
quite successful on modern Europeau fighter-bomber aircraft. The technique is
mechanized on a non-electric basis as part of the actuator's controls design.
The current trend in hydraulic systems is towards higher system pressures than
the 3000 psi supply pressure used on the F-4. With higher supply pressure, the
actuator drive areas are reduced (for a given actuator output). The area
reduction reduces actuator stiffness and for those suifaces that are stiffness
critical (slab surfaces such as canards and horizontal tails) the airspeed at.
which flutter occurs is decreased. Without increasing the actuator drive area
over that required for maneuver loads, some other technique of flutter

!.v suppression is required. Since load pressure feedback potentially is a solution
to the flutter suppression problem for slab surfaces, it is recommended that
the investigation to verify the technique be continued. Being able to
mechanize t e technique hydromechanically has been established. With the
acceptance ol Fly-By-Wire control systems, the use of electronic pressure
sensors along with electronic gain and washout circuits in order to mechanize
load pressure feedback is easily accomplished. It is recommended that this
electro-hydraulic approach be investighted for mechanization feasiblilty and
limitations.

5. It is also recommended that the energy absorption technique represented by
the damping of the toisional resonant frequency be wind tunnel investigated,
The F-4 tests run previously were inconclusive. A model approach to
mechan-zing a surface for testing could be used to verify or disprove the
approach.
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SECTIOI Ill.

M)V 1G NMAET FORCE MOTOR

General Discussion

With the development of high energy product rare earth magnet materials, many

new magnetic circuits for force motors which can be used 1.o drive hydraulic

valveb have become practical. The circuit options include moving coil, moving

iron and moving magnet. Bott, moving coil and moving iron configurations have
been developed and tested. The moving magnet configuration for rotary output
has been developed in the form of permanent magnet motors. 11e moving mhgnet
configuration fcr linear output (with a general arrangement of a solenoid) has
not been extensively investigated, although the configuration car. be easily

used for hydraulic valve drivers.

The moving magnet force motor operates much like a solenoid with a magaetically

saturated armature in that the force tends to be directly proportional to the
input current. Magnetic materials made from Cobalt and rar2 earth material
have the characteristic of high resistance to demagnetization in the presence

of opposing fields. These materials are therefore quite suitable for the moving
magnet application.

The investigation conducted on the moving magnet force motor was primarily
experimental, using available samples of rare earth magnet material.

Technical Approach

Figure 57 is a cross section of the force motor configuration used for the
investigation. The magnet material used was RAECO 16, a Samarium Cobalt magnet
material developed by the Raytheon Company in Waltham, Mass. Three different
lengths of 0.500 diameter magnet were evaluated. The lengths of magnets used
were 0.187 inches, 0.25 inches and 0.300 inches. The magnets were polarized
axially.

As shown in Figure 57, the center of the magnetic circuit surrounding the field
coil 'jas designed to allow changing the width of the air gap and the location
of tu•. gap relative to the position of the moving magnet.

The field coil used for the evaluation was constructed of 1000 turns of AWG 24
aluminum wire. The coil wires were held in place by EA 929 aerospace idhe:ive
(manufactured by the Hysol Division of the Dexter Corporation). The measured
coil resistance was 14.5 ohms. The magnetic circuit surrounding the coil waq
constructed of 416 stainless steel. This sLainless steel has a saturation flux
level similar to carbon magnet steee and a lower magnetizing force

requirementthan carbon mag-tet steel (for a given induced flux level).

The operation of the force motor configuiation shown is based upon an
attraction and repulsiun of the cylinderical magnet by the flux induced in The
gap of the magnetic circuit surrounding the coil. If the magnetic circuit is
not saturated, the flux in the gap of the circuit is proportional to the coil
current, and the flux polarity is dependent on the coil current direct'on. The
magnitude of the force output of the configuration is therefore prop.,rtional to
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current in the coil, and the force direction is determined by the current

direction. This force terds to be independent of the particular position of the

magnet location in the gap.

In addition to the control force which is depenr..- - .r the coil current, there

is a force of attraction which is dependent on t. '-bition of the magnet in

the gap. This is simply the force of attract; of a magnetic pole for the

416 stainless steel defining the air gap. This attý:action tends to attract the

magnet towards one end of the air gap. Spring centering is therefore necessary

to maintain the magnet in a particular operating position.

tMagnetic Circuit
/ • Coil

IIT._

Figure 57. Foce Motor Crossection M
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Magnetic Circuit Calculation

The total flux induced in a magnetic circuit by a coil having N turns and

carrying a current I is given by the expressionl:

0.41rNi
_ _ _ _(Equation 8)

m

iIn
lilAiUi

Where: Total Flux in maxwells

= path length in cm

Ai = path area in cm2

Ui - relative permeability of path material
(relative to air)

N - Number of turns in the coil

I Current in the coil in amperes *1*
m

Sli/AiUi = reluctance of the magnetic pathi=!

For the config-iration of Figure 57, the reluctance of the iron portion of the
circuit is:

RI = 5.26/u. (Equation 9)

Where for us - 900 for 416 Stainless Steel at an
induced flux level of 2000 to 10,00O
gauss

RI= 5.26/900 = 0.0058

The permeability of the air gap (U of air = I) is the quantity (length of the

gap)!(area of the gap). The area of the air gap in Figure 57 is 2.11 cm. 2 For
a gap length of 0.475 cm (0.187 in), the air gap reluctance is:

R8 = 0.475/2.11 - 0.225

YS

Note that the reluctance of the iron porticn of the circuit R, is much smaller

than that of the air gap Rg1 indicating that changes of the iron permeability
witb circuit flux level can be ignored.

IBaumeister, T. B. & Marks, I.. S., "Standard Handbook for Mechanical

Engineers", McGraw-Hill Book Company, i967, p. 15-21.
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For the circuit of Figure 57, and an air gap length of 0.475 cm. (0.187 in.),

the total flux in the magnetic circuit is:

= 0.4 NI/(0.225 + 0.0058) (Equation 10)

= 5.515 NI maxwells

and the flux density in the gap (ignoring leakage) equation is: ,

B - J/ag (Equation 11)

B = 5.515 NI/2.,] cm 2

B - 2.613 NI gauss

Permanent Magnet Fize

The permanent magnet pole flux directly effects the force output of the moving

magnet force motor (the force output being propertional to the product of the

gap flux field times the magnet flux field). The constraint on the selection of

the length of the moving magnet is to operate a B/H ratio which gives the

greatest pole flux density without deviating very far from the highest constant

energy product curve. The B/H ratio is the ratio of the flux in the magnet to

the magnetizing force of the magnet corresponding to the operating point on the

-B,/H- ,-• '
'H1

0.6 0.8 1.0 1.4 2.0 4.0 10.0 -%

(k G)(Tl
- - ENERGY PRODUJCT - MGOe 20 15 10 10 I 0

0.. 4e 4 14 .4 10.4

__________12 10.2
Fu 58. T1 / "

9/5
02 7/ /..• . 4 I :

7 *', I '••-'• "

I- I4•

- -7

9 5 --_210.

I - - -~ W,. I



r- r r-'- | . -, .r.. . ' r r 1 F .•,,•, , r .. .9 .r f - WE.IURVC V4 * - -

demagnetizationa curve. Figure 58 showa a typical magnetization curve for RAECO
16, obtained from the manufacturer's product data. Note that at B/H - 1, the
magnet is operating at its highest energy product point (BH - 16). For B/H -
2, the induction curve B intersects the BH - 15 energy product line at about B
- 5600 kilogauss. For B/li greater than 2, the induction curve B departs signi-

ficantly from its tangential relationship to the BR energy product curves and
the magnet operates at lower energy product conditions. Since the minimum

magnet volume in a given circuit occurs when the magnet is operated at its
maximum energy product point, operating the RAECO 16 moving magnet at B/H much

greater than 2 (or B > 5600 gauss) is inefficient.

As a starting point for sizing the moving magnet, the following general

relationship for the B/H value can be analyzed:

B/li - L.(Pg + pl)/Am (Equation 12)

Where: B - magnet flux in kilogauss

H - coercive force in orsteds

Lm - magnet length in cm

AAm - magne• area normal to magnetization direction
in cm

P8 - air gap permanence
I9

P1 - leakage permaaence

For an open-circuit magnet with no defined air gap, all the permeance is

leakage permeance. This leakage permeance is a function of the exposed
surface or limb. A convenient approximation of the permeance as a function of

area is 2 :

P 1  1.77 SI/ 2  (Equation 13)

Where: S = 1/2 the total expo•.d area of the magnet
(the area of a limb)

Ahis equation is based upon the concept that each limb of a magnet can be
considered as a spherical pole whose surface area is the same as the surface

area of the limb. For rare earth magnets, the effective pole spacing is
essentially the length of the magnet.

For an axially polarized rod magnet, the surface area S is:

S =(r74) D2 + n DLm/2 (Equation 14)

2
Where D - diameter of magnet in cm.

Lm length of magnet cm.

2 Hitachi Magnetics Corp., "Permanaent Magnet Manual", p. 16.
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Combining Equations 12, 13, and 14 gives an expression for B/H in terms of the
diameter and length for an open circuit rare earth -aagnet:

B/H - 2 L.(D2 + 2DLm)1/2/D2 (Equation 15)

Where: D - diameter of magnet

Lm length of magnet

For Raeco 16 (reference Figure 58), the maximum energy product occurs at B/H -

1. For 0.5 inch diameter magnets, the corresponding theoretical magnet length
is found (by using Equation 15) to be 0.210 inches.

For magnet lengths greater than 0.210 inches, the B/H ratio increases with
increasinp magnet length. As B/H increases, the pole flux B increases
(reference iigure 57). For Raeco 16, increasing B/H from 1 to 2 increases the %

magnet flux density from 4.2 kilogauss to 5.5 kilogauss (a 31% increase). For
this change, the energy product decreases from 16 to 15 Mega-Gauss-Orsteds (a --
6.2% decrease). For the moving magnet force motor, the output force increases
more rapidly than the magnet volume as B/ll is increased above the maximum
energy product operating point. The limit for this characteristic is the B/H
at which the energy product curves and the induction curve diverge. This
occurs for B/H > 2 for Raeco 16 as shown in Figure 58.

The preceding discussion considers the magnet in an open circuit condition.
For the moving magnet force motor, the magnet is not operated in an open
circuit. As shown in Figure 57 for the force motor investigated, there is a
soft iron path from one pole of the magnet to the other over greater than 50%

PLL ofL the &~ Rantleagfti. voi a &.Lvcu kLoLe UIULUL u~t! gap length, Llue peLietkLagE

of the magnetic path which is soft iron increases with increasing magnet
length. The effect of the iron is to decrease the reluctance of the magnetic
path between poles and to increase the B/H operating point of the magnet. This :e

is apparent when Equation 12 is examined. Therefore, the effect of soft iron in,-'
the magnetic circuit is to increase the B/H value for the permanent magnet and
the pole flux density, allowing a shorter magnet for a given pole flux density.

Evaluation Procedure

To evaluate the characteristics of a moving magnet force motor configuration,
sample qnantities of 0.500 inch diameter RAECO 16 magnets were purchased in
lengths of 0.187, 0.250 and 0.300 inches. A 1000 turn coil of #24 aluminum wire
was fabricated and the 416 SST iron circuit of Figure 57 constructed with
an adjustable air gap. The force motor was mounted in a holding fixture and
connected to a force transducer. The foice output of the motor as a function
of coil current and magnet position in the gap was measured for three different -
gap lengths. In addition, the force of attraction of the magnet for the gap %

pole faces without coil current was measured as a function of the magnet's
position in the air gap. Also measured was the flux change in the air gap as a
function of coil current.

Figure 59 shows the test assembly used to measure the force output
characteristics of the moving magnet force motor. A Daytronic Model 152A-100T
transducer was used to measure force output of the force motor. This transdicer
has a force measurement range of + 190 lbs and a linearity of better than +0.17
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Figure 39. Photo ot Ass~embled Force Motor

98



of full scale. A variable DC power supply was used to supply current to the
force motor coil. A Bell Model 610 Gausameter was used to measure the pole
strength of the test magnets and the flux change in the air gap of the force
motor.

Figure 60 shows the force motor partially disassembled. Note the threaded
inner sleeves of the force motor housing which allowed changing the length of

the air gap.

Teat Results

Opej Circuit Magnet Strength

The measured open circuit pole flux density for the three lengths of Raeco 16
~ magnet was the following:

Measured Flux Theoreti cal
Magnet Length Density Flux Density

jpin nches in Gauss Calculated B/H in Gauos*

L 0.188 2200 0.995 4000

"" 0.250 30 1.414 480D

n. 0n.300 9Alfnn -7 An 530b

*The theoretical flux density is obtained from Figure 58 using the B/H value

calculated by Equation 15.

From the above data, the following two observations can be made:

1. The 0.300 inch length magnet was apparently a poor sample. Normally
an increase in open circuit magnet length (for the same crossection magnet
size) will result in an increase in pole flux density. However, the 0.300 inch
length magnet exhibited a lower pole flux density than the 0.250 inch long
magnet.

2. The B/H valuý calculated from Equation 11 does not give pole flux
values which agree well with the measured results (for the two magnet lengths
of 0.188 and 0.25 inches). However, a correction factor* of 0.4 for Equation 15
would give good agreement between the measured and theoretical flux density
values for both the 0.188 inch and 0.25 inch long magnets.

*Subsequent to this force motor evaluation testing, three other open circuit
magnets (axially polarized) were tested for pole flux with the following
resiults:
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Magnet Dimensions Correction Factor Required
(inches) Material for Equation 15

0.500 Diameter Tascore 21 0.231
x 0.500 long

2.00 Diameter Raeco 16 0.690
x 0. 500 long

2.75 Diameter Tascore 21 0.567
x 1.000 long

This indicates that Equation 15 did not yield consistent prediction of the open
circuit pole flux for the rare iarth magnets tested (since the correction
factor required varies between 0.231 to 0.690) and should be used with caution.

Air Gap Control Flux Density

Figure 61 is a plot of the flux density induced in the air gap of the force
motor by the 1000 turn coil. The flux was measured with a gaussmeter with the
probe inserted in the gap as the coil current was varied. The moving magnet
was not installed in the force motor during the measurements.

Notethat Figure 61 shows the flux density-ve-coil current for three different
air gaps. The relationship is fai ly linear for ail three gaps, indicating
that the permeability of the circuit is primarily determined by the air gap and
that no significant seturation ot the iron in the magnetic circuit occured for
the coil currents used. The 0.116 inch air gap (which creates the highest gap
flux density for a given coil current) exhibits the worst linearity, showing a
slight rolloff of the flux density/current gain with currents above 0.75
amperes.

The measured flux density or 1700 gauss for the 0.187 inch gap and 1000 ampere
turns excitatioi is I 2ss than the 2613 gauss predicted by Equationll. This
indicates that the magnetic circuit of Figure 57 has a nominal leakage factor
of 1.5.

Test Setup - Force Output Measurement

Figure 62 is a schematic of the test setup used to measure force output of the
force motor. The same setup was used for measuring the ouLput force as a
function of input current and the output force which is a function of the
magnet position in the air gap at zero input current.

Figure 63 illustrates how the magnet's location relative to the air gap poles
was defined for the force measurements.

Teat Results - Bias Force Output

Figure 64 is a plot of the test results for the zero input current force as A
function of magnet length. Note that data for gap lengths longer and shorter
than the magnet length are presented for both the 0.188 and 0.250 inch length
magnets. The direction of the bias force is indicated on the figure.
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hote that as shown in Figure 64, the bias force change with magnet position for
all air gap and magnet length combinations is monotonic, and centering
stability can easily be accomplished by using linear centering springs. For a
linear bias force gradient (such as measured with the 0.2.50 inch length magnet
and a gap length less than the magnet length) the linear centering spring can
be sized to almost cancel the bias force gradient, and there will be very
little bias force effect on the force output available from control coil
current. For a non-liaear bias force gradient (such as measured with the 0.250
inch length magnet and the 0.258 inch length air gap), the linear centering
spring must be sized to provide a force greater than the bias force over the
entire movement range of the magnet. Therefore, with the non-linear bias force
characteristic, part of the force produced by the coil current will be used to
overcome excess centering spring force (over some portion of the movement range
of the magnet).

For all three sample magnets, the maximum bias force was less than 0.52 lbs.
The non-linearity of the bias force appears to be independent of whether the
air gap is greater or less than the length of the magnet. From the shape of
tho bias force gradient curves, cancellation of at least 75% of the ceutering
spring force by the bias force would occur. Therefore, for the worst case shown
in Figure 64, an uncancelled force cf 0.15 lbs would have to be overcome by the
coil current at some particular magnet operating position.

Test Results - Current Countrolled Output Forc

Figures 65, 66 and 67 present the results of the output force measurements for *

,a'.ApV" force a6 a Ju&acLjoU IJL Cull f.uxeLp~L ULWauI. J.lcag, iAaUgfle p~aiticru MUa
air gap length. For each of the figurer, the bias force is not included in the
presented data. The bias force was "zeroed" out for each magnet position as
the data was recorded. Both "negative" and "pusitive" force measurements are
presented and correspond to the change in current flow direction through the
coil.

Figure 65 shows the force characteristics for an air gap of 0.116 inches. Note
that for the 0.187 and 0.250 in,.h length magnet, the output force at a given
current level drops off for magnet positions from 0 to 25% of the air gap (note
that as shown in Figure 63, 0% is with the face ot the magnet in line with one
pole piece and the body of the magnet extending across the entire air gap. For
magnet positions from 50 tc 1002 of the air gap, the force output for given
current level remains relatively constant. Note that the drop off in force
between the 25 and 0% positions of the magnet is reduced as the'magnet length
is increased (although all magnets are longer than the air gap used with Figure
65). From the data on the figure, it appears that the best operating stroke for
the moving magnet occurs between 25 and 75% of the air gap. The output force
for I ampere coil current is over 2 lbs for all three magnets. The linearity
fox the output force to input current relationship is indicated by the spacing
between the force curves for different current levels at a particular magnet
position. Some saturation non-linearity is apparent at some magnet positions.
However, for coil current below I ampere, the output change appears linearly
related to input current for a given magnet position.

Figure 66 shows the test results for an air gap of 0.187 inches. For the magnet
length of 0.187 inches, the output force drops off when the magnet is more thar.
50Z extended into the air gap. For the 0.250 and 0.300 inch length magnet, the
force curves resemble those obtained with an air gap of 0.116 inches. For
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these longer magnets, the best operating range appears to be with the face of
the magnet positioned between 25 and 75% of the gap. Rote that the maximum

force obtained from eech of the magnets is lower for a given current level than
with the shorter air gap of Figure 65. This is due to the lower current
controlled flux cnange associated with increasing length of the air gap.

Figure 67 shows the test results for an air gap of 0.258 inches. This air gap
is longer than both the 0.187 and 0.250 inch magnet lengths. The effect of the
magnet length being less than the gap is apparent in the force curve charac-
teristic for the 0 to 25% magnet position range. The operating range of 25 to
75% is valid for the 0.300 inch length and 0.250 inch length magnet. The

maximum force for a given current level is lower than witl the shorter air gaps
shown on the data of Figures 65 and 66. The characteristice of the force
curves for + coil current directions are identical.

Sumu.3ry and Reccmendations

Thle force motor configuration operated as expected. The force output with the

particular magnet material and magnetic circuit measured nominally 2 lbs/1000
ampere turns. The force output drops off with increasing sir gap for a given

magnet size and the same coil current. However, the percent force drop off is
not proportional to the percent gap increase, as illustrated Dy the following
data from Figures 65, 66 and 67 for the 0.300 inch length magnet:

Air Gap Force Magnet Location Coil Current
Inches lbs. Z Amperes

S2.35 50 i 00

0.187 2.00 50 1.00

0.250 1.70 50 1.00

Using the force of 2.35 lbs and the air gap length of 0.116 inches as a base,
the relative percent changes of force and air gap for the above data are:

Air Gap % Change of Air Gap Z Change of Force

0.116 0 0

0.187 +60 -14.9

0.258 +222 -27.7

The work done by the force motor is proportional to the product of the output
force and the dLstance moved. The useable motion range is 25 to 75% of the gap

for all three gap lengths tested (fcr cases where the magnet is longer than the
gap length). From the results listed above, it appears that the efficiency of
the force motor is still increasing with increasing air gap (over the range of
air gap evaluated).

The long stroke capability of the force motor potentially makes it useable as a
positioning driver for control devices. The long stroke capability also
provides the potential for creating a higher force output over a short stroke
by mechanical gearing.

110



The force motor configuration has significant potential as a driver for control
devices, and it is recommended that the technique be investigated further
specifically, the effect of using higher energy product magnets (which are now
readily available) and longer magnets and air gaps should be pursued.
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53CTION TV.

DIRICT MlVI OIWCE NOTOR UMUCDEET

Geseral Piscuasion

Direct drive servovalves have beon developed for flight control system use
under several Air Force funded development programs. Included in these are
contracts F-33615-75-C-3608 and F33615-77-C-3077 with Dynamic Controls, Inc.
and contract F33615-76-C-3037 with General Electric. In a direct drive valve
design the main control spool is driven directly electromechanically. The two
stage control valve with its hydraulic amplification is elimiuated. When used
in a redundant Fly-By-Wire system, the secondary actuator used to mix the
output of the parallel channels used for redundancy is eliminated. The direct
drive approach to mechanizing a control valve has resulted in reducing the
total parts count of the valve. Several of the parts eliminated, such as the
components making up the flapper-nozzle or jet pipe first stages require
precision manufacturing techniques. jecause the hydraulic amplification stages
are eliminated, the direct drive approach is less sensitive to contamination
and more energy efficient (the quiescent leakage flow of the first stage is
eliminated).

A parameter in which the direct drive servovalve falls short of the
conventional two stage valve is the force that can be applied to the spoo in
order to break it free trom a jammed condition. For example, a two s age
wervuvalvv wiLi a 0.3715 U iJ u diumeLex maLu bpOul caU eCerL biIghLly over NOu
lbs of force on the spool when the valve is supplied with 3000 psi. The direct
drive servovalve developed by DCI under the above contracts will generate 80
lbs of force with two channels operating. The 80 lb design force is based upon
using two valve drivers with each having an output force capability of 40 lbs.
The design force is the force required to shear a 0.015 inch diameter safety
vire with the control spool edges.

There is some contention that a 40 lb force level may be inadequate to overcome
a spool jam, although specific design values have not currently been
established. Therefore, DCI investigated a technique which will, upon demand,
double the force out of a linear force motor. The technique can be used with
either a moving coil force motor or a moving magnet force motor where magnetic
saturation with input current does not occur. If applied to a moving iron force
motor, the magnetic circuit would have to be designed to remain relatively
unsaturated for both the normal input and enhanced contrzol input. For the
investigation, DCI vodified hardware previously developed fcr a direct drive
control valve flight test program.

Technical Afproach

The direct drive servevalve designed by Dynamic Controls, Inc. is based upon
using a moving coil in a permanent magnet structure. The suspension used to
guide the coil and provide spring centering is a folded design which
accommodates packaging. Since it is a moving coil design, the force motor
exhibits no outpuL force saturation with increasing coil current.

For the normal (flight test version) DCI force motor, the 40 lb output force
used as a design output for the force motor is generated with a total input
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current of 1.7 amperes each coil section. The force motor coil uses two
sections, each coil section electrically isolated. The output force capability

of the DCI force motor design is dependent on the load capability of the

flexure pivots used in the folding suspension. The flexure pivots are se ected

for a particular oitput force capability, based upon a minimum of I x 10 full

scale cycles of design load and output deflection.

In order to accept the higher loads associated with the force enhancement

technique, the suspension of the flight test direct drive control valve was

modified to use larger pivot flexures which had a higher bearing 'oad rating.

Using larger bearings required reducing the force multiplication ratio of the

linkage relative to that of the flight test force motor. Figure 68 is a plot of

the available force from the modified force motor for inputs of up to +10

amperes into one coil. Note that the generation of 20 lbs output from one coil
requires 2 amperes into a single coil section. This is higher current (2 amps

vs. 1.7 amps) than the flight test force motor at the same force output. This

difference between the input levels reflects the change of the linkage ratios.

To increase the force output of the force motor requires increasing the input

current. Because of the good linearity characteristics of the moving coil

force motor, doubling the force output requires increasing the current applied

to the moving coil by a factor of two. To provide the increased force
capability on a full time basis requires doubling the driving voltage to the
coil and doubling the current output of the driving amplifier. Fov example,

for the DCI direct drive coils with a 10 ohm resistance for each coil section
(includiing the external connecting wire and coil current feedback resistor),
the driving voltage must increase from 17 to 34 volts. The power supply for the
driving amplifier would have to increase in size and weight. For example, the

DC to DC inverters used with the DCI direct drive F-4 aileron actuator flight
tested at Edwards Air Force Base (reference AFWAL-TR-82-3035) were Abbott
Transistor Laboratories Model CC 16D2.0 (providing 2 amperes a,. 16 volts).
These supplies weighed 3.9 lbs and had a volume of 71 cubic inches. The nearest
Abbott supply towards meeting the double voltage and current requirement is
Model CC 30D3.5 (3.5 amperes at 30 volts). This supply has a volume of 145
cubic inches and weighs 2.9 Ibs, a nominal weight and volume increase a factor
of 2. In addition to the power supply size increase associated with the force
output capability doubling, the servoamplifier used to drive each coil would
also become physically larger in order to dissipate the increased heat
associated with the increased output power level.

The penalty in terms of weight and volume is considerable for a capability that
may never be used. If the increased force requirement is viewed as an

emergency mode, there is available another approach to the valve jam problem.
The contaminate which causes a spool jam can be considered a temporary problem
that requires additional energy from the force motor for a very short period of
time. To provide this additional energy, a low cost energy storage system
could be applied.

The approach in providing an energy storage system for the force motor was to

store the energy in a capacitor. The energy is then discharged into the
force motor coils as required. Discharge of the capacitor into the direct
drive valve coil would occur when the electronics of the control system
determine that a spool jam has occurred. In order to determine when a spool

jam has occurred, the following is worthwhile considering:
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1. Forvard Path Error Voltage - The forward path error voltage can be
monitor 1. When the amplitude exceeds that required to produce the maximum
normal trent input into the direct drive valve, the energy storage system can
be activated. The polarity of the error voltage being monitored can be used to
determine the polarity of the current enhancement applied to the system. Note
that there are two conditions which normally would cause the evergy storage
system to activate when not needed. These are when velocity saturation or
position saturation of the actuator occurs.

2. Actuator Position - For position systems where the actuator position

reaches ite mechanical limits before the input command amplitude saturates, the
forward path error can build to a value greater than that necessary to create
the maximum normal input current into the valve.

3. Command Input Characteristics - For step inputs and sinitsoidal inputs
of large amplitude, the actuator cannot respond rapidly enough so that the
error voltage (input command minus the actuator feedback voltage) rc ains below
the level for maxi.mum norms* input current to the servovalve.

4. Error Voltage Polarity - For a normal operating control valve, the
direction of the actuator motion and the error signal polarity have a constant
relationship. When a control valve is held open by contaminant carried into the
flow porting of the control valve sleeve, the relationship between the actuator
motion and the error signal reverses from normal. This is because the system
in which the actuator is used will command the actuator to stop and return as
it continues to move in response to the jammed open control valve.

There are several techniques for determining when a control valve jam occurs.
The following use forward path error voltage monitoring as part of the
technique:

a. A math model of the actuator control loop can be used to gener3te a
prediction of the forward loop error voltage. The math model includes the
velocity and position saturation characteristics and uses the actuator load
instrumentation to modify actuator race prediction. This model technique does
involve using the actuator position, actuator command and actuator load signals
as inputs to the mouel. Deviations of tne actual forward loop error from the
predicted error can be used to initiate the force enhancement operation.

b. If the flow control ports in the valve-sleeve combination are of a
shape where the length of the port is greater than the width (as in an F-16 ISA
main control valve), the contaminant (such as a piece of lock wire) would hold
the control valve open at a position which is less than maximum valve stroke.
The actuator would then move at some velocity less than maximum rate. At the
.same time, because the actuator was not tracking the input commands, the
forward path error voltage would increase to greater than that for maximum rate
of the actuator. The condition of the actuator rate being less than maximum
rate and the forward path error voltage being greater than that for maximum
rate can be used to initiate the force enhancement operation.

A A

c. If the foiward path error polarity and the polarity of the actuator
rate disagree from the normal relationship, a jam can be declared and the force
enhancement operation initiated. An amplitude threshold for the polarity
comparison should be used to prevent "nuisance" force enhancement operation
with low amplitude signals and noise.

.4.
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Although any of the preceding techniques can be used to identify a jam
condition and initiate the action for applying additional force to the control
spool in order to free the jam, the same energy storage force enhancement
mechanization would be used for all jam identification methods. For the force
enhancement investigation, the jam doetermiuation technique used was technique
"b" preceding, with the "jam identification" criteria being the actuator
velocity below some percentage of maximum rate and the forward path error being
above the level to generate maximum actuator rare.

Figure 69 is a logic diagram for the particular ttchnique used for the
investigation to identity a jam. Note that the criteria of the actuator
velocity being less than 25Z of maximum rate and the forward path error minimum
level criteria of 200% of maximum velocity was used. The additional logic
decisions shown on Figure 69 relate to whether the charging system has stored
the charge necessary and whether the actuator velocity and forward path error
criteria being met are caused by the actuator being "bottomed out". Note that
the polarity sign of the error corresponds to applying a force to the spool
which would cause the spool to move in a direction to drive the actuator
towards a particular end stop. This relationship is the same force to actuator
direction relationship of the normal operating system.

Upon force enhancement activation by the logic diagram of Figure 69, a charged
capacitor is connected to the supply voltage of the servoamplifier driving the
servovalve ccil. This momentarily boosts the output voltage applied to the
servovalve coils in the proper polarity. The servoamplifiers used in the flight
test hardware designed and fabricated by DCI used Burr Brown Model 3572
operational power amplifiers. These amplifiers are capable of a continuous 60

,wL-,U- , U, ,,- LU 'o )U VV.LU UL +2 ampereb). The ampiirier specifications
allow up to +5 amperes for a duration of 5 milliseconds. For this particular
amplifier, the supply voltage to one s.de of the supply could be increased to
43 volts (maintaining the total differential supply voltage at or below the 60
volt manufacturer's limit) without exceeding the short term current limits.

In selecting the force enhancement pulse duration, some criteria needs to be
appli-d. The criteria used for the research activity was that the pulse length
be long enough to allow the valve to move through its full peak stroke as a
minimum. For the direct drive valve used with force enhancement investigation,
the response of the valve was -3 Db at 60 Hz (referenced to a stroke of +0.014
inches at 1 Hz. This corresDonds to a first order response with a time
constant of 2.6 milliseconds. For the application of a pulse amplitude
sufficient to drive the spool to twice its normal stroke or 0.028 inches, the
spool motion in 5 milliseconds can be estimated from the step response
expression for a first order lag system with a time constant of 2.6
milliseconds as follows:

X1out = Xin e-T!r

Where: T = the pulse duration in milliseconds
r - the system time constant in milliseconds

Xin = the steady state input displacement

Xout = 0.028 ( I - e-512.6)5

Xout ý 0.024 inches
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From this calculation, it is apparent that a 5 millisecond force eahancement

pulse is more than adequate to move the control valve through more than its

normal peak stroke of 0.014 inches.

With some servovalves, the L/R time constant can be a significant portion of

the response time constant. For the moving coil force motor used for the force

enhancement investigation, the 10 ohm coil had a measured inductance of 0.001

henrys. This gave an LIR time constaat of I x 10- seconds which is lesas than

4% of the valve response time constant and 22 of the pulse duration. The L/R

time constant of the valve would therefore not affect the operation of the

pulse force enhancement circuit.

Figure 70 is a photograph of the force enhancement test setup. As shown in

this figure, the failure detection electronics were breadboarded on a separate

chassis. The solid state relays used to connect- the storage capacitor to the

supply of the servoamplifier were also mounted in the chassis. The demodulator

shown in this figure was used with the load cell to measure the force output of

the servovalve driver. The force motor and the control valve of the flight

test hardware were mounted in the fixture. One force motor was removed from

the direct drive control valve assembly in order to couple the force motor
output through the control spool to the load cell. The force wotor test

assembly is shown mounted in the vertical position. This position was selected

in order to retain the fluid in the magnet structure of the force motor for

heat transfer from the direct drive coil.

Mechanical Design

As stated previously, the direct drive valve used for the force enhancement

evaluation was developed for a flight test program and had a design force
capability of 80 Ibe minimum at null. In order to accept the higher force

output capability of the coil with the force enhancement electronics, the
suspension system required modification. The original suspension system had a

,- design maximum load capability of 120 lbs. The redesigned suspensioL provided
for an allowable output force of 240 lbs. This provided an indefinite
suspension life while operating at the normal 40 lb maximum output. Operating
at 106 lbs output would provide an estimated life of 25,000 cycles. Since

force enhancement should normally be required very infrequently in the life of
a control valve, the 25,000 cycle life appeared adequate.

"The larger load capacity suspension required that the linkage ratio be reduced
"from 6.9:1 to 5.11 inl order to fit into the original force motor package
envelope. Since the linkage ratio is the force multiplying of the force of the
coil to the output force, the modified force motor had a slightly lower force
gain in lbs/ampere than the original design. However, the force enhancement
electronics provided higher peak levels of output force withcut causing damage
to the suspenaion system.

Blectronic Design

"The normal direct drive control electronic specifications before molification

"with the force enhancement design were as follows:

Servoamplifier Gain: 0.38 amperes/volt
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Supply Voltage: 417 volts

Coil Resistance: 9.5 ohmws

The normal driving current to the force motor coil was limited to +1.6 amps by
the supply voltage of +17 volts. In addition, the amplifiers incorporated
external current sensing resistors which were sized to limit the current to
+1.7 amperes for amplifier protection. As part of the force enhancement
modifications of the control electronics, the current sensing resistors were
changed to allow a current outpuzt of +5 amperes. In addition, the 0.05
microfarad capacitors originally connected between the amplifier's supply
voltage input and ground were removed. This prevented the supply line filter
capacitors from absorbing part of the force enhancenent pulse. To prevent the
normal power supply from suppressing the enhancement pulse, diodes were
installed in the supply lines. These diodes prevented current flow back into
the +17 volts supply lines.

Figure 71 is the schematic of the electronics for the force enhancement
circuit. Only the servoamplifier enclosed in dotted lines is part of the normal
force motor or control loop electronics. All other electronic components shown

* on the schematic are associated with providing the force enbancement
capability.

Comparators Ul, U2 and U3 are quwd comparators used to make the logic decisions
for the jam determination. Comparators Ul 1- and Ul_; are set for trip levels
which are double the normal +4.2 volt servoamplifier input voltage for maximum
valve position. These comparators identify when the forward path error voltage
is at least 200% of the forward path error voltage for peak control valve
stroke. Comparators Ul_ 3 and Uj114 identify when the actuator i8 at the
mechanical extend or retract end stop positions. Note that the "pullup"
resistor for the extend command and extend endstop comparator outputs is
shared. The "pullup" resistor for the retract command and retract endatop
comparator is also shared. This technique prevents force enhancement when the
actuator is commanded hardover and reaches the end of its stroke. U2 - 1 and U2 -

2 are used to identify actuator velocities greater than 25% of the fuli slew
rate velocities. The actuator velocity is derived from the actuator's position
transducer output sigual. For the test setup, the integration of the actuator
was modeled electronically. With this test setup, the onset of actuator rate
changes has no time delay relative to the forward path error signal. With the
actuator in hardware form, a passive time delay filter would have to be
inserted in the forward path error signal to the comparator. This filter is
required to compensate for the dynamic response characteristics of the
servovalve causing a phase shift between the error voltage and the actuator
rate signal.

Test switches S1 , S 2 and S 3 are provided to simulate conditions causing the
enhancement logic to operate. U2. 3 aud U2-4 determine the charge status of the
storage capacitor. U3 - 1 and U3 - 2 are used as AND gates to provide the
monostable multivibrators U4 - 1 and 114-2 with a pulse when the enhance
conditions are met. The pulse duration from U4 - 1 and U4 -2 had an adjustment p-

range of 3 to 8 milliseconds. The pulse duration for the evaluation testing
was set at 5 millisecouds.

The output transistors Q1 and Q2 drive, K1 + K2 and K3 + K4 optically isolated
solid state relays respectively. Two relays are required for connection of the
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capacitor to the * supply line and two relays for connection to the - supply
line. The increased voltage is isolated from the supply lines from the normal
±17 volt power supply.

The charging voltage for the energy storage capacitor is generated from the
transformer coupled rectified output of the wein bridge type oscillator using
amplifier A The design oscillator frequency was 10 Kliz. The output amplitude
of the oscillator was adjustable in order to establish the charging voltage
level.

Test Procedu'e

The modified direct drive force motor was mounted in the test fixture and
connected to the Daytronic 520-100 load cell. The load cell signal conditioner
gain was verified at 10 lbs per volt. The rate frequency response of the load
cell and its electronics was rated at less than -3 Db at 1,000 Hz. The
operation of the enhance electronics and force motor output was verified by
recording the following:

I. The resonance frequency of the suspension (by recording the velocity
generated open circuit voltage of one of the force motor coils while
driving the other).

2. The force output of the valve drive with up to a +3 ampere input (by
recording with an x-y plotter the output of the force transducer vs the input
current from a separate DC ampifier). r

3. The time history of input, current output, force output and
enhancement pulse while holding the position input at zero volts. (The input
was varied at a rate of 0.4 volts per millisecond from zero to positive full
scale and from zero to negative full scale. The time history was recorded with
an FM instrumentation tape recorder in order to record the response coc'rectly
and then transcribed to a Bruch chart recorder at a slower tape speed in order
make a strip chart record.)

Test Results

During the initial checkout, it was found necessary to modify the force
enhancement electronics. The first modification was a redtction of the U4
supply voltage to 5 volts. This was necessary because when 17 volts DC (near
the rated maximum of 18 volts DO) was used as the supply vc.tage, the positive
and negative enhance pulses would both be applied when only one was commanded.
The second modification involved the solid state relays. Because of transient
suppression diodes built in~o the relays, the relays drew excessive current.
The circuit modification to solve this problem involved adding D6 and D7
isolation diodes to prevent a power supply shorting mode. No othe"
modifications were required for satisfactory operation of the electronics for ";
the force enhancement operation.

Figure 72 is a plot of the velocity motion of the valve and modified force
motor assembly. Since the coil of the force motor was wound with two coil
sections, the output motion was measuk.ed by driving one coil with a
servomplifier and monitoring the voltage generated by the second coil moving in
the magnetic field of the force motor's air gap. For this plot, an input
current of +1.0 ampere was used. At 1 Hz, a stroke of +0.024 inches produced an
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output voltage from the monitor coil of +-0.2 volts. From Figure 72, the

frequency at which the phase angle has undergone a change of -90 degrees from
the low frequency phase angle is nominally 50 liz. This frequency is the
natural frequency of the control valve with the stiffness of just one
suspension. With both force motors connected to the control spool, the
resonance frequency of the assembly will be near 65 Hz since the stiffness of
the assembly is doubled while the moving mass is increased by a factor less
than 2 (the spool mass dominates the moving mass of the assembly). The
resonance peak of the velocity (deviation from a straight line rise of 6
Db/octave) is +2.5 Db. This corresponds to a second order system damping ratio
of 0.45. The damping of the resonance peak is created by a combination of
viscous damping of the coil in the oil filled force motor and the eddy current
damping of the coil in the magnetic field.

Figure 73 is a plot of the force output of the modified force motor with an
input current variation of +3 amperes. This plot was nade using a Crown 300A

amplifier rather than the normal servoamplifier useo with the direct drive
valve (since the normal servoamplifier is limited to 2 amperes output steady
state). This plot verifies the linearity of the force motor operation over the
current limits of the force enhancement. Note that the linearity is within 2%
full scale over the +3.0 ampere range of the input current.

Figure 74 is a plot of the force output of the modified force motor with the

normal servoamplifier providing the excitation current. The linearity is
similar to that shown on Figure 73. Because of the expansion of the input
current scale, some hysteresis appears at the ends of the plot. The hysteresis

.L.-• h . - g r -/ ; . . . --." U^- L&., AL L . ,L,.±, v, AA .LI,e OUO eJU8A..oJ - 81 d,1U-

spool.

In order to produce a hard copy of the force enhancement input-output
time history characteristics, the data was first recorded on a Hewlett-Packard
Model 3960 4 channel FM magnetic tapc. recorder at a recording speed of 15

inches/second. The data was then played back at 15/16 inches/second into a
Gould-Brush Model 200 strip chart recorder at a chart speed of 10Q

millimeters/second. This conversion produced a time scale of 6.25 x 10-
secondf/division for the strip chart data presented in Figure 75 and Figure 76.

Figure 75 shows the force enhancement operation in response to a negative Iamp
input for the forward path error signal. When the ramp amplitude reaches -8.T
volts (200! of the normal forward path error voltage level for maximum actuator
rate), the force enhancement circuit is activated. Note that as the error
voltage ramp builds up, the input current to the coil increases to 1.5 amperes
and the output force increases to 14 lbs. These levels are the normal
saturatior levels for the servoamplifier and modified force motor. The normal
saturation levels are achieved when the foward path error voltage reaches -4.3
volts. Wben the force enhancement is activated, the input current into the
coil increases to 3.1 amperes for 0.005 seconds. The output force rises for
the same time period to a peak value of 36 lbs. The 36 lbs is greater than the
value of 31 lbs expected from the steady state force gain of 10 lbs/ampere
measured. The 5 lbs difference is the overshoot associated with the step
response of a system with a damping ratio less than 1.0. The slight force drop
off before the current pulse is removed is associated with the overshoot of the
step response of the system. The force build up takes nominally 4 milliseconds
to reach the peak value. Note that the enhance pulse of 4 volts as shown on the
lower trace of Figure 7" defines the time limits of the force enhancement.
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Figure 76 shows the force enhancement operation in response to a positive -nip

input for the forward path error. The operation is very similar to neg... ,e

rsap input. The second order response characteristics of the output force is

evident in the force response trace after the removal of the enhance pulse. The

peaK output force level obtained is -36 lbs, corresponding to a current level

-3.1 amperes.

Conclusions and Rec ewndations

The investigation verified that the output force of a moving coil force motor

can be doubled on an "es required" basis to provide short term chip shearing

capability. The energy storage technique used in this investigation minimizese

the weight and volume penalties of providing additional force capability for 8

moving magnet or coil force motor. The technique can also be applied to a

moving irou force motor as long as the soft iron circuit remains relatively
unsaturated.

The force enhancement technique used for this investigation was applied to only

one of the four driving coils of the direct drive cootrol valve. If applied to

the original flight test configuration with the normal linkage gains, the
available force for driving the spool would increase from 80 lbs to 160 lbs.

The breadboard hardware configuration is a good application for a dedicated
microprocEssor, since the force enhancement electronics involve only logic

functions and timing circuits.

It it recommended that the energy storage force enhancement be considered in

the design of a flight control system using direct drive. The technique allows

meeting chip shear force requirements while designing the normal electronic

driver for the force required to position the spocl against the normal flow
forces and suspension spring rates.
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SECTION V.
DIGITAL IUUWFACK STUDY FOR H URAVLIC CONTROL SYSTEM

General Diecussion

Applying a digital computer as a controller for a hydraulically powered control
system requirts epecial consideration at the points of interface. The digital
controller operates from a Lime base with information processed in a binary
format made up of discrete signals. The hydraulic portion of the control
system is analog and operates in real time. The study described in the
following material was an evaluation of the effect of a pulse width modulation
interface on the life of the analog electrohydraulic hardware.

Interface Overview

Figure -7 illustrates the interface areas typical with using a digital
controller with an analog electrohydraulic control system. As shown in this
figure, the interface both in and out of the digital controller is a
conversion. An analog to digital converter is used for the inputs to the
controller and a digital to analog converter for outputs to the
electrohydraulic portion of the control system. The inputs to the system and
the feedback signals can be either analog or digital. The input command can be

fro ant~a cozipteULo aaI a~iao Zig±~ .aLal. Late fe. "VUUCI.. bi~fa*WJ .110w LAitt vuupui
of the electrohydraulic control system can be created by a digital encoder or
an analog output transducer. Although direct conversion of the digital output
of the controller to valve flow commands have been accomplished within the
servovalve in research programs, the generally accepted interface between the
digital controller and the electrohydraulic servovalve use one of the following
two techniques:

a. A digital to analog converter (D/A) (as shown in Figure 77)

b. Pulse Width Modulation (PNH)

The use of a D/A converter provides an analog signal to the servovalve which is
much like that which would exist if the control system used an analog
controller. The pulse width modulation signal is created by the controller
and is a form of binary output suitable tor driving the electrohydraulic
control valve. The advantages of the PWM technique over using an A/D converter
and analog amplifier are simplicity and size. The size advantage comes from
both the elimination of the converter module and heat sink necessary for half
power cooling of an analog amplifier. Because the PWM output is a two state
output (on or off), the power dissipation in the output switching devices is a "
minimum for any output power required to drive the electrohydraulic servovalve.

Using a digital controller for an analog system operating in real time requires

attention to be given to the foliowing three basic parameters: *

1. Update rate (sample rate)

2. Thioughput time
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3. Signal resolution

Ulpdate late

The update or sample rate used by the digital controller is determined by the
dynamic performance requirements of the total system. Based upon test results
of using a digital controller with an electrohydraulic system (reference report
AFFDL-TR-77-30), sampling at a frequency 8 times or higher than the bandpass
frequency of the control system is recommended. The bandpass frequency is
defined as the frequency at wbhich the amplitude ratio of output to input is
attenuated by 3 Db or the output lags the input by a phase angle of 9(j degrees,
whichever frequency is lower.

This criteria for the sampling frequency is consistent with sampling at a
minimum of 2 times the highest frequency of interest in order to prevent
aliasing (the Shannon sampling theorem). Consider that the typical rolloff rate
of the amplitude ratio for an electrohydraulic actuator system is 20 DN/octave
for a first order system (one in which the servovalve response is at least 10
times higher than the control loop response) or 40 Db/octave for a second order
system (where the servovalve frequency response is 2 to 4 times the control
loop frequency response). In choosing the sampling frequency, the selection of
the "highest frequency of interest" determines the sampling frequency. The
frequency at which the output amplitude is attenuated by 40 Db is a
conservative choice for the "highest frequency of interest". The frequency
response of a control system is normally measured at an input amplitude of from

SJ. L.fC LUCAiA~."UWu --lUlU4ULAIuIPUL 1LLuurLebPOUUill6 LUV Lilt! ame percentage 01.

output deflection). Attenuation of 40 Db from a 51 output would be where the
output amplitude decreases to 0.051 of the maximum output. This frequency for a
second order system would be nominally a decade (10 tir.es) higher than the
system break frequency. This would require sampling at a frequency 20 times the
break frequency to ensure that the amplitude of any aliasing of the output
sig.aal was below 0.05% of the maximum output amplitude. For the minimum 8
times criteria for the sampling frequency, assuming a second order roll off of
40 Dbfdecade and a 5% input command, the output amplitude at the frequency at
which aliasing would occur is 0.315% of the maximum output amplitude, a level
which may be acceptable for m.ost systems.

Throughput Time

The throughput time associated with the digital controller appears as a time
delay in the control loop. The throughput Lime is the time period between when
an input is sampled and the appearance of the con'roller output corresponding
to the sampled input. The time delay causes a phase lag which is direczly
proportional to the frequency of the input s--,nal. This phaae lag atfects the
closed loop stability. Decreasing the computational time and the time beLwcen
samples decreases the time delay and the acsociated phase lag at each
frequency.

Resolution

The accuracy of the controller output can be predicted by scaling the digital
input/output value to the full scale analog signal value. The digital word
used with electrohydraulic control systems is normally 8, 12, or 16 bits.
Each digital word coverted by an A/D converter will have 1 or 2 bits of
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uncertainty due to the signal to noise ratio of the input signal. The loss of

resolution associated with a two "least significant" bits loss is as follows:

a. 8 bit word 3/28 x 100 = 1.172% full scale
b. 12 bit word 3/2-12 x 100 •0.073% full scale

C. 16 bit word 3/216 x 100 0.005% full scale

If the analog signal is not scaled to the maximum digital word value, the

resolution loss as a percent of full scale will increase proportionately.

lFY Interface

For a conventional two stage electrohydraulic servovalve, a bipolar input of
less than 20 millamperes at 15 volts is required. The output flow from the
valve is proportional to the input current. Figure 78 shows a typical PWM
signal, generated by producing a pulse within a constant time frame "T". The
on time is proportionately commanded by the digital word of the controller. In
the case of the 12 hit word with a total count of 4,096 (representing T), a 50%
pulse width would be represented by a count of 2,048. The resolution of t',e
pulse width is much the same as that of the digital to analog converter since
each count represents a portion 1/2n of the pulse on time.

Technical Approach

The investigation conducted for the interface research activity was directed at

evaluating the effect of operating conventional servovalves for extended
periods of time with a pulse width modulated signal. Since the pulse width
driving signal has a large amount of high frequency energy, the potential for
increased wear and/or shortened service life of the servovalve was considered
to be a possibility. The approach used for the evaluation was to use two
electrohydraulic servovalves operating with the same hydraulic pressure and

fluid uuder the same load conditions. One valve was driven with a PWM signal--
and the other with an analog signal. Performance measurements and visual %
inspections were used to evaluate both the absolute and relative degradation of N

the valves with operating time.

Two new Moog Model 76 servovaives were used for the evaluation. Both
servovalves were operated for 300 hours with an input of 50% full scale at a
frequency of 10 Hz. One valve was commanded with a pure analog sine wave. The PM
other valve was driven with a PUM signil with an update frequency 4 times Lhe
rated frequency response of the valve.

In order to evaluate the effect of PWM on control valve edge erosion, the
cylinder ports of the servovalves were interconnected with a restricting
orifice set to flow 1 gallon per minute at 3000 psi differential pressure.

To evaluate the trend of wear, four data sets were used. The baseline set of
data was taken prior to start of the test cycling and documented the
performance of the valves as received. The same set of measurements were made
on the valves after 100 hours, 200 hours and 300 hours of operation. The data
taken included flow and pressure gain plots. The visual wear trends were
recorded using exami;)ation under a microscope and macro photographic
techniques.
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Figure 78. PWI-1 Signal
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Interface Evaluation Test System

Figure 79 is a schematic representation of the test system. The test setup
consisted of two parts, the electronic control section and the hydraulic supply AV
and load system. Note that the same signal source was used for driving both
the analog and PWM electronic driving sections for the servovalves. Figure 80
is a photograph of the test hardware. During the 300 hour test, the system was
instrumented full time with a digital thermometer, hour meter, hydraulic p.-

pressure transducer and flow meter. The two test units at the left center of
Figure 80 are the units which generated the PWM signal from the analog input
signal.

Electronic Control Description

An electronic control card was fabricated in order to provide a sinusoidal
signal at 10 Hz as an input to the PWM and analog driving sections. Included
on the card were the analog and PWM drivers for the servovalves. Figure 80 is
the schematic of the control card's circuit. A Wein Bridge Oscillator was used
to generate the 10 Hz sinusoidal signal. The output amplitude of tne oscillator
was adjusted to +6.2 volts peak to peak. The output of the oscillator is
connected to the servovalve driver through potentiometer R For the cycling
tests R5 was adjusted to provide +2.0 volts peak to peak Prom the servovalve
driver to the analog driven servovalve. This corresponded to an input current .
of 0.010 amps which was 50% of the 0.020 amps required to produce maximum
output flow from the valve.

As shown on Figure 80, the PWM signal was generated from two units, a Digital p -
Hardware Voter Monitor Tester (DHVMT) and a Digital Hardware Voter Monitor
(DHVM) originally produced as part of an AFWAL DAIS program. A description and A
test evaluation of the DHVM is described in report AFFDL-TR-77-30. The DHVMT
is an A/D converter with a variable sample rate capability. The output is a 16

bit word transmitted in parallel to the DIIVM. The DHVM converts the 16 bit
input into a PWM signal with variable pulse width. For the test evaluation of
the servovalve, the IDHVMT was set for 1,000 samples/second and the DHVM was set
for 244 updates/second.

Hardware driven with a PWM signal normally has high frequency response roll off
frequency above which the amplitude to which the hardware responds attenuates
at a minimum rate of 20 Db per decade of frequency increase. The roll off
characteristic is used as a low pass filter to "decode" the PWM input. The PWM
signal with t = T on Figure 78 represents 100% modulation and maximum amplitude •. % -e=

of the low pass filtered output of the hardware being driven by the PWM signal. A
Correspoudingly, when t = 0, 0% modulation occurs and the minimum amplitude
output occurs. The waveshape of the puisewidth driving signal is a series of
square wave pulses. The frequency content of these square waves is determined
by the time duration of each pulse. The time duration is a direct function of
the update frequency of the PWM signal and the percent modulation. For example,
for a square wave of time duration duration T, the frequency content of the
pulse has no attenuation up to a frequency of 0.l/T Hz. The amplitude of the
frequency content attenuates over the frequency range of 0.1/T to 1.0/T Hz. The
attenuation is from an amplitude ratio of I at 0.1/T Hz to zero amplitude at a
frequency of 1.0/T Hz. For example, with T = 0.00205 seconds (which is one half
tne period corresponding to 244 update/seconds), the frequency content has no
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attenuation up to a frequency of 48 Hz and is attenuated less than 3 DUb at 289
lHt. The frequency content is zero amplitude at 482 Rz.

Note as shown on Figure 78, both positive and negative amplitude square waves
make up each pulse period, with the time for each square wave being equal at
zero commanded flow. Since the control valve sees alternating positive and
negative square wave inputs at "0" flow command, the flow control spool will
alternately move in one direction and then the other from the null position.
If the update frequency is higher than the frequency at which the valve can
respond well, the valve spool does not respond at a large amplitude and there
is very little increase in quiescent flow due to the use of the pulse width
drive. However, the input stage (the torque motor plus flapper nozzle or jet
pipe) normally has a higher frequency response capability than the total valve
and can be driven to large excursions by a low update rate. The pulse width
update rate is an indepeudent parameter and can be set at an arbitrary value.
To prevent problems with exciting resonant modes and/or fatigiing components, a
safe approach to selecting update rate is to use a rate well above the highest
fr-equency which the components of the valve can respond with significant
amplitude.

The amplitude of ripple on the system output depends on the amount of

attenuation of the amplitude of the frequency content of the PWM driving signal
by the roll off of the system response. For a second order system with a roll
off slope of 40 Db/decade, the natural frequency defines the corner frequency
for the start of the roll off. Because of the more rapid attenuation with
increasing frequency compared to the first order system (with its 20
Dbldecade), for a given ripple level the frequency ratio between the PWM update
franitUeflg17 and. the fl0t,1'l f- uc c cc 4.. -A ý' !yt. 1 -1 b
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roll off starts) will be smaller than with the first order system. A typical
aerospace two stage servovalve ha* a response is that of a second order system
with a natural frequency of 100 to 150 Hz. The ripple frequency can have
positive effect on the control system by acting aa a dither signal which will
reduce the effect of static friction and/or silting on threshold.

Since the output of the DHVM was two stage (0.5 volts "lo" and 3.5 volts "hi"),
a servo driving circuit was required to convert the DHVM output to a +10 volt
square wave. The PWM driver shown in Figure 81 used an offset input into the
driving operational amplifier. The driver output also incorporated a dummy
vaive RC cirruit as a switch selected load in order to set up the duty cycle
for the test servovalve at 50% of the full scale current.

Test Valve Description

The valves used for the evaluation are valves manufactured by the Industrial
Division of Moog. The valve specifications are:

1. Model ......... ................. .. A076-771

2. Rated Supply Presssure ... ........ .. 3000 psi

3. Rated Flow @ 1000 psi AP ......... .. 10 gpm

4. Coil Resistance ..... ........... ... 200 ohm (dual coils)

5. Rated Current (max flow) ............ 0.020 amperes (single coil)
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6. Frequency Response 4900 phase lag) . 75 Hz @ 40% rated current

7. Lap Specification . . . ........ 3% underlap

8. Serial Number ..... ............ .. 120 (analog driven valve)
128 (PM driven valve)

The model A076-771 valve was manufactured with the underlap condition specified
above in order to lower the valve pressure gain for a load control application.
Figure 82 is a representative cutaway view of the valve. The areas that were
expected to ahow the most significant wear were the ball at the end of the
feedback wire and the groove in which it operated. The ball and groove are
normully a lapped fit at original assembly. Any clearance in this area will be
indicated by nonlinear flow and pressure gain aronnd 0 input. The spool and
sleeve are ncrmally also a lapped fit to a diameteral clearance of 50 x 10-6
inches. Excessive clearance and contrcl edge erosion will show as increased
leakage, lower pressure gain and a decrease in null flow gain.

Hydraulic Circuit

Figure 33 shows the hydraulic test circuit used for the evaluation. A 15 gpm

at 3000 psi hydraulic supply using MIL-H-5606 hydraulic oil and 10 micron
filtration was connected to the servovalves. Note that the C1 and C2
servovaive ports were connected to system return th•-ough orifices sized to flow
1.0 gpm at 1000 psi differential pressure. The orifices were initially
installed to connect C1 and C2 together for each servovalve. However, at the
start of testing, it was apparent that considerable heat was generated within
the test block and retained in the block. The heat generation resulting fuom
passing flow through the orifices was expected. However, with the 10 Hz driving
frequency of the valve and the several feet of hydraulic lines between the
orifice test block and the servovilves manifolds, there was very little steady
state hydraulic flow through the orifice block to return. The oil in
connecting lines tended to be pumped back and forth through the orifices rather
than circulating intp -he test block and ouat to the pumping stand return.
By porting the fluid ,. o.e side of each orifice directly to return, the
temperature rise of tht .. x-ice vlock was minimized. The disadvantage of this
loading method was that 9-rvovalve cylinder-port-to-return valve spool edges
were metering less fluid and would show less erosion effects.

Test Reuults

Base line data was recorded prior to the start of the cycle testing.
Examination of the feedback balls and the control spools did not reveal any
destinctive patterns or imperfections. Figure 84 and 85 are sample photographs
of the ardware's initial status.

Figure 66 and 87 are the base line pressure gain plots for the test valves
serial numbers 120 and 128. Note the deadband in the pressure gain plots. This
characteristic was undesireable for the original intended use of the valves in
the control of a loading aystem. The characteristic caused the valves to be
rejected for the load system application, making them available for the
interface test program. Since only changes of the pressire gain during th•
evaluatiov testing was important for the interface testing, the valvea were
satisfactory for the interface evaluatior..
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Figure 84. Base Line No. 120 Feedback Ball Photo 35X Actual
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Figure 85. Base Line No. 120 Control Spool Photo 2X Actual
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Figure 88 and 89 are the base line flow gain plots for the test valves. The
PWM drive servovalve serial nuhiber 120 shows a flow gain of 0.87 gpm/milliamp
for positive current inputs and 0.95 gpm/milliamp for negative current inputs.
The analog driven valve's flow gain as shown on Figure 89 is 1.00 gpm/milliamp
for both positive and negative current inputs. The null leakage of nominally I
gpm for both valves is due in a large part to the 3% underlap specificaticn to
which the valve was manufactured. The flow was measured by a flow meter placed
in the return line from the valve. The flow therefore includea both the first
stage quiescent flow and the second stage leakage flow.

Table I is a tabulation of the recorded flow and pressure gains measured
during the test program. Note that the servovalves were tested before cyclinh
and after each 100 hours of operation. Note that the flow gain increases
slightly on both valves with increasing operational time. This is consistent
with the wear characteristic of the feedback ball. As the ball wears in its
groove on the spool, the spool is required to move further for the feedback
wire to cancel the torque motor's armature torque. Note that the data points
for the hysteresis and leakage for the 100 hour data point may be erroneous.
The general trend for both valves was a general decrease in thresholds and
pressure gain and an increase in the flow gain.

TABLE 1.
PlX Data S•mary

VALVE/TEST

POINT, HOUR FLOW PRESSURE PRESSURL
FLOW GAIN HYSTERES IS LEAKAGE C-AIN ThRESBOLDD

S/N 120 + - + - + - +
PWM GPM/MA GPI/MA MA WA GPM PSI/MA PSI/MA ;A MA

0 0.87 0.95 0.40 0.20 0.9 2.6x10 3  1. &10 3  1.05 1.5
100 1.05 0.98 r.02 0.05 1.0 1. & 103  l.9-c10 3  0.7 1.1
200 1.05 1.05 0.16 0.16 1.2 1.9x103 1.3x10 3  0.8 1.5
300 1.00 1.05 0.08 0.16 1.2 1.3xl03  j.3xl03  0.80 1.3

S/N 128
N AALOG

0 1.00 1.00 0.!0 0.10 1.0 2.8x10 3 2.2x10 3  0.80 1.4,
100 1.05 1.09 0.24 0.20 1.4 1.0x,03 1.3x10 3  1.20 1.5
200 1.08 1.08 0.10 0.10 1.2 1.7x103 l.9xl03  0.70 1.3
300 1.05 1.11 0.28 0.10 1.2 1.2x10 3  1.3x10 3  0.60 1.2

Physical inspectioii of both valves showed changes in the condition feedback
balls and spool edges. At the end of the 300 hours of cycling, the control
spool edges sbwed some erosion. In addition, a polished appearance over the
first 25% of tne pressure control lands was apparent. The remainder of the
spool lands and the return lands had a burnished surface finish. Figure 90
shows the surface condition of the spool lands. The polishing effect was
attributed to the high velocity of the flow metered by the control edges of the
spools. The appearance of both the analog and PWM driven spools was similar.
Both feedback balls had a similar wear pattern. The patterns were civcular in
shape and developed where the feedback balls contacted the control spool. The
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wear pattern measured at 0.002 inches in diameter. The patterp resulted in a
0.0001 inch diameteral difference between the ball diameter at the wear points
and the diameter at 90 degrees from the wear patterns. The reduction in
threshold shown on Table I measured during the sequence of data taken and the
observed hear indicated that the valve spools were undergoing a reduction in
mechanical friction during the testing. Photographic documentation of the ball
wear was not successful because of lighting and equipment limitations.

Problems were encountered with portions of the test system during the 300 hours
of testing. With "oth the analog driven valve and the PWM valve test setup,
there occurred O-ring failures of the MIL standard straight thread fittings
where they screwed into the test blocks. Failures of the face seals between
the manifold and the servovalves also occurred. The O-ring failures were low
leakage rate failures (weeping) rather than a steady stream. Examination of the
failed seals revealed a nibbling wear p. tt-2rn, apparently caused by pressure
pulsations. There was no obvious difference ir the O-ring failure

.. characteristics between the analog and PWM driven valves. The cause of failure
tý would appear to be the 10 Hz cycle frequency at 50% amplitude rather than

k. energy associated with the 244 update frequency content. During the testing,
one of the two manifolds used to mount the eervovalves developed a crack
between the threads of a fitting port and the surface of the manifold. The

particular manifold that failed was a comm.ercial off-tbe-shelf aluminum block
that incorporated straight thread ports for 1 inch tubing. Reducers were used
in the ports to adapt to 1/2 inch or 3/ 8 inch diameter tubing as required. The
block failed after 196 hours of testing and was modified to allow completing
the test sequence. The block that failed was used with the PWM driven valve.
However, since the manifold block used with the analog drive valve was of a
different design 'smaller ports and 2024-T351 aluminum), the block failure
cannot be attributed to rWti drive- The block failure does emphasize that the
pressure variations associa.ed with high frequency driving of hydraulic systems
can fatigue components in the system and that the aystem hardware must oe
"daoigx,ed for that service.

Conclusiona and Recommendations

Pulse width modulatio,- as compared ý.o the analog -hrive of the two stage elec-
trohydzaulic valve did not create any problems for the same operating time
period. The 244 Hz update frequency for the PWM drive was low enough (less
toan 4 times higher than the frequency response rating fo' the valve) to have
potentially excited tte armature resonance of the valve. The low update
freruency did no, cause any apparent problem with the valve. However, it is
recommended that a PWM update frequency 10 times greater than the upper
bandpass frequency of the valve be used. This is high eno,,''* o minimize
exciting any high frequency mechanical resonances in the va . the system
with which the valve .s used. Since the servovalve response attenuates with
increasing frequency, the higher the PWM frequency, the lower the pressure
pulses introduced into the hydraulic lines because of the PWM control.

,.a, The digii.al controller'b output which generates a PWM signal is two state,
normally "zero" and 5 volts. The servovalve is bipolar, so that the "zero"
output represents one analog input extreme and the 5 volts represents the
other. If the digital controller fails, the output will then go to one state
or the other, driving the analog system into a hardover failure. This
characteristic should be addressed in the redtindsncy management of a system
using PWM for control valve driving.
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The PWM technique of interfacing digital controllers appears to be a viable
cost effective alternative to digital/analog converters. Within the
constraints of dynamic compatability and failure modes for a particular system,
it is recommended as interface method.
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SECTION VI.

AIRCRAFT ENERGY STORAGC STUDY

Objective

The object of the energy storage study was to determine feasibility of reducing
the pumping capacity of a current aircraft's hydraulic system by using
accumulators to store hydraulic energy.

Background

The hydraulic power demands of the flight control syster of an aircraft vary
greatly during a typical flight. Normally, the hydraulic pumping system is
sized to meet the peak flow demand of the flight control system (witn the
pressure of the pumping system maintained at a constant level). Variable
displacement pumps are generally used to accommodate the changes in the flow
demand on the pumping system. The hydraulic pump and connecring lines are
sized for the peak demand on the pumping system. The pumps and lines are
therefore larger than they would be if sized for average flow demand.

The flow demands from the pumping system supplying a ilight control system areie:1er a! !y rp ra n aot- dr, n al. a ..s anaaA n n awat- n ; n t-h o.; r f-turbu e (it, )%III

during landing). Under these conditions, large surface movements are required
to maintain a desired flight path. With the development of highly augmented
aircraft (with aircraft motion sensors providing inputs to the flight control
system), the flight control activity is increased over that of un-augmented
aircraft. The motion sensors generate control inputs with Ligher frequency
content than a pilot is able to produce. The motion sensors command large
flight control surface motions, particularly when the aircraft expfriences air
turbulence. With the acceptance of Fly-By-Wire flight control systt.ms and
their ability to easily incorporate augmentation techniques, there is a trend
for increased control syEtem activity which places large short luraLion flow
demands cn the hydraulic supply system. This is particularly true for the pitch
axis of control systems for aircraft designed with relaxed btatic stability.

The accumulator. uaed in current aircraft are generally installed as a single
accumulator for each hydraulic system. The accumulator is ii.stalled rear the
discharge port of the system's hydraulic pump and is sized to minimize pump
relnted output pressure variations. Where more than one pressure source is
provided to the system requiring hydraulic power, the accumulator is sized to
minimize the output pressure drop during the startup of/or transfer Lime to a
second system.

Using distributed accumulators for energy storage in order to allow the
hydraulic lines and pumps to be sized for average flow insteau of peak flow
offers an attractive alteruative design approach to aircraft hydraulic system
design. The approach potentially allows using smaller hydraulic lines and
hydraulic pumps. The approach does requiie establishing the flow demand
profile for the particular aircraft design. If used in a new aircraft design, e
simulation of the aircraft's control system power requirements for the most
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demanding flight conditions would have to be run. The relationship between the
peak and average flow for each control actuator would have to be measured as a
time history, and each accumulator sized for the particular actuator based upon
the acceptable pressure degradation during peak flow demands. UnlebtL check
valves are used to prevent reverse flow during peak demand ccnditions, the
accumulators will tend to assist each other in providing the peak flow. The
degree of assistance will be determined by the pressure/flow relationships for
the interconnecting hydraulic lineb. As with other aircraft design areas, the
use of a simulation model as a tool is required to achieve an optim'lm design.

Investigation Technique

The General Dynamics F-16 airframe was selected as a study case since it was
representative of a state-of-the-art high performance fighter. The F-16's
flight control characteristics were available and the flight envelope defined.

Data for evaluating the peak and average flows fcr the F-16 aircraft was
obtained from an AFTI/F-16 simulation conveniently being condi-cted on the
UAMARS moving body simulator by the AFWAL/FIGD at the same time as the energy
storage study. The flow demand of the flight control actuators was obtained
from the control surface rates generated by the simulation with different
pilots under various flight conditions.

For the investigation, the flow demand for each flight control actuator (as a
function of control surface rate) shown in Table 2 was used. The values listed
in Table 2 were obtained from AFFDL-TR-76-. 19.

Table 2.
Flow Deand

Flow Demand Maximum Flow Max.
Control Each Surface Maximum Rate Demand Each Surface Req'd ,

Surface GPM_,_ S Deg./Sec. Surface in GPM Quantity Flow

Flaperon 0.139 60 Deg./Sec. 8.34 2 16.68

Horizontal 0.128 18 Deg./Sec. 2.30 2 4.60
Tail

Rudder 0.036 120 Deg./Sec. 4.32 1 4.32

Leading Edge 0.122 112 Deg./Sec. 13.40 2 13.40**
Flaoa*

* The flaps on the normal F-16 qircraft are not continously modulated. The Uii

particular simulation included modulation of the flaps to increase maneuvering
capability. The flow demand for the leading edge flap drive was included in
the total flow demand data.

** The flap drive is a central unit with two hydraulic systems supplying the
hydraulic power. The maximum flow der~and on each hydraulic system by the
leading edge flaps is 13.40 gpm.
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In addition to the flow demaud relat-ed to the surface rate, the control
actuators have a steady state flow due to seriovalve first stage quiescent flow
and internal leakage. For the first tbree control surface actuators listed in
Table 2, the quiescent flow is 0.2 gpm (reference AFFDL-TR-76-119). This is a
small percentage of demand flow aod can easily be accounted for when designing
an energj storage system by using a corresponding decrease in rating the
available flow from the hydraulic pumping system.

The demand flow data to be analyzed was generated by adding the flows
corresponding to the surface rates during the simulation runs. This allowed
creating a time history of the total. demand on the supply system during
different simulated aircrafr flying taeka.

Data Analysis

Figure 91 is a sample of the time history for the F-16 during a 3 g reversing
target chase. figure 92 is a sample of the time history for the F-16 during a
landing with turbulence. Shown with tke demand flow time history is the time
history of pitch rate and normal acceleration. Note that the demand flow
activity for the lending with turbulence is greater than that with the 3 g
reversing turn. Note also that the pitch rate and normal acceleration time
histories also 3how greater activity during the landing than with the reversing
turn. Also shown on the two figures is the time history of the horizontal tail
and flaperon control surfaces. Note that the surface activity (and
corresponding flow demand activity) in Figure 92 is greater than that in Figure
.91. This indicates that of the two flight tasks, the landing with turbulence
cieaLes the mosL severe demand on the hydraulic supply system.

The procedure used to analyze the data was to calculate from the flow demand
time history the quantity of fluid used over successive 400 millisecond time
intervals. The quantity of fluid used during each time interval is the area
under the demand curve for that time interval. The chart paper used to record
the time history has a grid which conveniently allows area determination by
counting squares.

The flow supplied by the hydraulic pumping system is the sum of the pump flow
jand flow from the energy storage accumulator. For flow demands greater than
the pump output flow rating, flow from the accumulator occurs. When the flow
demand is less than the pump output flow rating, the pump recharges the
accumulato•r.

The procedure used ro evaluate fPasibility of the energy storage technique was
to assume a pump and accumulator site and plot the volume of fluid left in the
accumulator as a function of time. The volume of fluid left in the accumulator
car. be expressed in equation form as follows in Equation 16:

Va Va + VP - Vd (Equation 16)
Where: Vi is the vol ime demand during the incremental I

time interval considered.

V is the volume delivered by the pump during
t~e incremental time interval considered.
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V is the volume available from the accumulatora
at the beginning of the incremental time
interval considered.

V8 is the volume left in the accumulator at the
end of the incremental time interval considered.

Note that the accumulator volume available to supplement the pump flow is
dependent on the permissible pressure drop in the hydraulic supply line. The
pressure head drop in th, supply line is required for the accumulator to
discharge into the line. The permissible pressure drop depends upon the
particular aircraft and particular control surface. A pressure head drop
results in a reduction of the hinge moment available from the control surface

and a reduction in the maximum surface rate. In addition, the control
actuators used in the flight control system may have pressure failure detection
logic which has a preset trip level. The F-16 is such an aircraft since it
uses failure logic that operates on pressure signals. The system is a 3000 psi
supply system. The flaperon, horizontal tail and rudder actuators will detect "
supply pressure decay below 2000 psi as a failure. An energy storage
accumulator for the F-16 must therefore be sized to deliver the required fluid
volume for a pressure drop less than 1000 psi.

For the data evaluation, the time history for the flow demand of all simulation
rurs was inspected to find "worst case" time histories for detail examination.
The aircraft maneuvers for which data was obtained were combat and landing
maneuvers. The combat maneuvers were chases of a 3 g reversit.6 target. Two
ti; ffrvnt ni ^to'. ruino we d The landing aneuveorr approh

from 4.7 nautical miles and 1500 feet altitude with and without turbulence.
Tan landing maneuvers were recorded, six with turbulence and four with still
air.

Data Analysis Results

Several combinations of accumulator volume delivery and pump size were
iteratively tried in order to establish a pump and accumulator size where:

a. The pump had sufficient delivery to recharge the accumulator during
low flow demand time periods. . -

b. 7he accumulator had sufficient volume to meet the peak flow demands.

The final selectiun for the variable volume pump size was 22 gal/min. The
final selection for accumulator size was 115 in 3. The presented results for
the data analysis uqes this pump and accumulator size.

Figures 93 through 94 show the time history of the flow demand of the aircraft

during the 3 g reversing target chase run. Figure 93 covers the first 20
seconds of the run, and Figure 94 covers the second 20 seconds. Not that both
the accumulator discharge volume and the system demand flow are presented on
the figures. At the start of the run, the accumulator is considered to De fully
charged. Note that the demand flow curve reflects the 0.400 second time incre-
ment used in applying Equation 16 to the simulation test data.

157

........................................................ .-.



1-.I'

..1.. ..1. . ...

.1 .. . w
.. ... ... . ....-. .7

1:m
t~v.'....:...... .

. ~ .......... 1.... ... ... ... ....
. ...1..

I i f 1;

. . ..... .-... .. I I

I4 ... ... .. ..

..... .. .. ..

t : .. ..
L4--I

a
77 -------

I 77
.... .....

7 7 .... . . . . . . . . . ...

7-r I -- -. . . . . . .

Accuwiulatloio Ijsl rL Vol. f Ljn1 ) I 'eulaald i-low G'

F-igure B). u-20 Seconds, 3G <ecversi;;- Tar ý(JL Ciiabe



P. '

-.* * I� : .. .I.. .I. : ý . : .

. . . . . . . . . ...

...... .._ .....
-1--- 77

-%-44

.... ..... ......

.. ... ... l a

4 m

- - --- -- - .' . .. .

I~~~ tT. .

If:

T -I1
------ ----Ar- .:.*:1i

To1
-1 .

-- ------
I I.. I I. I * * *%

Ac cumniti1at iu Ilisclharge Vol .(in
3 ) iPcuaiad Flouw (WIM1)

I 1i.ure ' .2,,-40 Secon~ds, 3G IRevers iti,: Lar);eL Uaclit



Note that for the manuever used for creating Figures 93 through 96, the demand
flow was totally supplied by the pump for most of the run. The accumulator was
discharged only 4 times during the 70 second run and then recharged almost
immediately during the subsequent low flow demand intervals. The most severe
demand occurred at t - 50 seconds with an average demand of 32.45 gpm for the
4#00 millisecond interval. Note that at t - 52 seconds, the accumulator had been
recharged.

Figures 97 and 98 show the time history of the accumulator volume available and
pump demand flow during landing with turbulence. The landing run lasts 40 m
secouds. As shown on Figure 98, the accumulator volume was discharged by 22
cubic inches at t - 32.8 sec. The accumulator was not recharged completely
before touchdown at t - 40 seconds. The maximum delivered volume from the
accumulator was therefore 22 in 3 for the entire landing run.

To supply a given volume of fluid, the size of the accumulator can be calcu-
lated from the following equation for adiabatic conditions (Reference Greer
Olaer Products, "Sizing Accumulators For Their Use As An Auxiliary Power
Source"):

i•.Vx(P3/P 1) r/

V1 m (Equation 17)

I - (P3/02) n

the required volume of hydraulic fluid.

P1  The gas precharge pressure in the accumulator.

Vx The volume of oil to be supplied by the accumulator.

P2 = The maximum system operating pressure

P3 w The minimum system pressure

n1 Gas constant (1.4 for N2 )

Figure 99 graphically represents the relationships of Equation 17 with n L 1.4
tor nitrogen and 3000 psi for P2. Each straight line on the figure corres-
ponds to a differeat precharge pressure. Note that Equation 17 indicates that

A' the smallest accumulator size for a given minimum system pressure occurs when
the precharge piessure is set at the minimum system pressure (PI - PI). For
Figure 99, the straight lines correspond to different precharge/minimum system
pressures.

From the graph of Figure 99, for the minimum system (and precharge) pressure of
2000 psi and a discharge flow of 22 in 3 , the accumulator size would be 0.175
gallons (40.4 in 3 ). If a safety factor of two on the amount of discharge
volume were used and 44 in 3 was considered as the required discharge flow, the
required accumulator size would be 0.5 gallons (115 in 3 ).
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Discusaion of Results

The pump and accumulator size for the energy storage system for the F-16 are

dictated by the particular flight simulation results. The simulations used
were representative of two severe demand flight tasks. The landing task with
turbulence gave the greatest flow demand for the flight tasks used. Other
simulations may generate greater flow demand requirements and would have to be
explored for a final system design.

The pump size of 22 gpm for the energy storage system is considerably smaller
than the normal _'-16's engine driven pump size of 42.5 gpm. The pump size more
closely matches the F-16 Emergency Powez Unit's output flow of 22.5 gpm at 3000
psi. The accumulator size of 115 in 3 is slightly larger than the normal F-16's
accumulator size of 100 in3.

With a cential accumulator energy storage design, the line sizes to the flight
control actuators are the same size as the normal systems line sizes, since the
flow through the lines does not change with the approach. The approach allows
trading off pump size with accumulator size. However, if a distributed system
of accumulators is used for the energy storage design, the line sizes are
affected. If the accumulators are located at or near the flight control
actuetors, the hydraulic lines oetween the pump and actuators are requited to
handle only the pump flow, rather than the pump + accumulator tllow. For
example, if the pump delivery is reduced to 50% of the peak flow requirement
(with the accumulators making up the balance), the inside live diamprer fr the

lines to Lhe accumulator can be reduced to the square root of 0.)0 (0.707) tor
the same velocity of fluid. For example, for 3/8 in. outside diameter tubing I
(such as used on the normal F-16 for pressure and return lines), the inside
diameter for 0.C46 wall tubing is 0.277 inches. The hoop stress in the wall I
for 3000 psi fluid pressurf is 8,479 psi. For 1/4 in. outside diameter tubing N
with C.027 inch wall (which gives an inside tubing diameter of diazýeter of
0.195 or 0,707 of the 3/ 8 in. tubing inside diameter), the hoop stress in the
wall for 3000 psi fluid pressure is 10,800 psi.

C.L
There are several advantages in reducing the pressure line tubing size. The
3/8 in. diameter tubi,,g weighs 2.6 times as much as the 1/4 in. diameter
tubing, not counting the weight of the fluid. Since the internal cross section
area of the 1/4 inch tube is 1/2 that of the 3/8 inch tube, the volume of the
fluid in the pressure lines is reduced by 50%. For steei tubing with a density
of 0.28 lb/in3 and aircraft hydraulic fluid with a density of 0.031 lb/in3 , the
3/ 8 inch tubing weighs 0.191 lb/ft. The 1/4 incb tubing weighs 0.0757 lb/ft
for a weight savings of 0.115 lb/ft. An additional advantage of the smaller
tubing is enhanced stirvivability. The smaller tubing is more easily routed
(because of size and smaller allowable bend radii) into "protected" locations
-and the smaller size reduces the target area of the hydraulic lines.

The use of the smaller pump size has both a weight and volume savings (as well
as reducing thc peak loadii.g on the aircraft engine). A smaller pump will
normally have lower pump leakage flow than a larger one. This leakage flow is
continuous and is similar to the quiescent leakage flow of the control
actuator's electrohydraulic servovalves. Reduction of the leakage reduces the
load on th-, aircraft's oil -to-fuel heat exchanger.
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UsinV. distributed accumulators will require using the same simulation procedure

as with a central accumulator to ertablish the peak and average flow
requirements of each control surface. The flight task simulation yielding the

must severe demand on one control surface will not necessarily produce the most
severe requirements for other surfaces. Therefore, in designing an energy

storage system, care must be taken to ensure reliable flow demand data is

generated by the simulations are run.

Conclusions and Recomendations

1. The analysis of the simulation results gave the indicated reduction in pump

size with only a slight increase in the accumulator size over the normal F-16
hydraulic system indicates that the F-16 supply system is conservativel, sized

with respect to flow demand. This is couisistent with the design of the F-16
flight control actuators which detect low supply pressure aE a hydraulic system

failure.

2. The use of the energy storage approach has the most potential payoff with

distributen accumulators for each flight control 6ctuator. The potential

payoff is in reduced supply tubing size, resulting in a weight and target size
reduction and a peak horsepower demand reduction on the engine.

3. The landing with turbulence simulation gave the grertest flow de.nand, a3

expected. In designing an energy storage system, simulations with low air
speed and turbulence appear to provide the most severe demands on the hydraulic

supply system for the flight cor trol.

4. tor tuture aircratt systems, sizing the hydraulic systems to simultaneously
supply flow to all control surfaces moving at maximum rate at the same time may
be impractical. The energy storage approach does provide an alternative

approach that appears feasible and to have sufficient advantages to be
considered on a new aircraft design.

r 5. It is recommended that further investigation be conducted, particu.Karily
with the distributed energy storage system, to better define advantages and
potential problems.
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